Fracture and Failure Assessment of Fatigue-Cracked Circular Hollow Section X-Joints by OU ZHIYONG
 FRACTURE AND FAILURE ASSESSMENT OF 
















A THESIS SUBMITTED  
FOR THE DEGREE OF DOCTOR OF PHILOSOPHY 
 
DEPARTMENT OF CIVIL AND ENVIRONMENTAL 
ENGINEERING 
 





    
  
DECLARATION 
I hereby declare that the thesis is my original work and it has been written by me in its 
entirety. 
I have duly acknowledged all the sources of information which have been used in the 
thesis. 







25 July 2013 
  







This thesis reports the research work carried out at the Department of Civil and 
Environmental Engineering, National University of Singapore. 
Firstly, I would like to express my gratitude to my supervisors Professor Somsak 
Swaddiwudhipong and Assistant Professor Qian Xudong for their continuous guidance and 
support throughout my PhD study, for their patience, motivation, enthusiasm, and for 
their great personality. The knowledge and inspirations from them would benefit my 
whole life.  
My sincere thanks also goes to Professor Peter William Marshall for his valuable inputs 
and insightful suggestions to the research project.   
I thank my colleagues and friends in the Department of Civil and Environmental 
Engineering: Zhang Sufen, Wu Jun, Yang Wuchao, Chen Jian, Li Ya, Nguyen Chien 
Thang, Yuthdanai Petchdemaneengam, Kittikun Jitpairod, and other friends, for the 
meaningful discussions, friendship, and encouragements. My appreciation also goes to 
the lab staff in the Structural Engineering Laboratory, Koh Yian Kheng, Ang Beng Oon, 
Li Wei, Tan Annie, for the kind assistance in the experimental work.  
I would like to acknowledge research scholarship provided by the National University of 
Singapore and the sponsorship from the Maritime and Port Authority of Singapore and 
American Bureau of Shipping, Singapore. 
Above all, my family, especially my wife, have given me unending support and love, for 




TABLE OF CONTENTS 
ACKNOWLEDGEMENTS ........................................................................................... i 
TABLE OF CONTENTS .............................................................................................. ii 
SUMMARY ................................................................................................................. vii 
LIST OF TABLES ....................................................................................................... ix 
LIST OF FIGURES ..................................................................................................... xi 
LIST OF SYMBOLS AND ABBREVIATIONS .........................................................xx 
Chapter 1 Introduction ................................................................................................. 1 
1.1 Background and motivations ......................................................................... 1 
1.2 Objectives and scopes of research .................................................................. 3 
1.3 Key contributions .......................................................................................... 5 
1.4 Outline of the thesis ....................................................................................... 6 
Chapter 2 Literature Review ........................................................................................ 7 
2.1 Introduction ................................................................................................... 7 
2.2 Fracture mechanics fundamentals .................................................................. 7 
2.2.1 Introduction ................................................................................................... 7 
2.2.2 Fracture mechanics theories ........................................................................... 9 
2.2.2.1 Linear-elastic fracture toughness ................................................................... 9 
2.2.2.2 T-stress .........................................................................................................13 
2.2.2.3 Validity limits of linear fracture mechanics and stress intensity factor ..........14 
2.2.2.4 Elastic-plastic fracture toughness ..................................................................16 
2.2.2.4.1 Non-linear elastic theory ...............................................................................16 
2.2.2.4.2 J-integral ......................................................................................................17 
2.2.2.4.3 Crack tip opening displacement ....................................................................17 
2.2.2.4.4 Relationship between K, J, and CTOD..........................................................19 
2.2.3 Fracture toughness test .................................................................................20 
2.2.3.1 Introduction ..................................................................................................20 
2.2.3.2 Fracture toughness testing standards .............................................................20 
2.2.3.3 Common fracture mechanics specimens .......................................................21 
2.3 Failure assessment diagram methods ............................................................23 
2.3.1 Introduction ..................................................................................................23 
2.3.2 First version of the failure assessment diagram approach ..............................24 
2.3.3 Modified failure assessment diagram approach .............................................29 
2.3.4 Failure assessment hierarchy in BS7910 .......................................................32 
 iii 
 
2.3.4.1 Introduction ................................................................................................. 32 
2.3.4.2 Level 1 — simplified assessment ................................................................. 32 
2.3.4.3 Level 2 — normal assessment ...................................................................... 33 
2.3.4.3.1 Level 2B: material-specific FAD ................................................................. 33 
2.3.4.3.2 Level 2A: generalized FAD ......................................................................... 38 
2.3.4.4 Level 3 — ductile tearing assessment ........................................................... 39 
2.3.5 Constraint effects on fracture ....................................................................... 41 
2.3.6 Recent major updates in structural integrity assessment ............................... 44 
2.4 Tubular joints .............................................................................................. 45 
2.4.1 Introduction ................................................................................................. 45 
2.4.2 Joint classification ....................................................................................... 45 
2.4.3 Basic issues regarding tubular joints ............................................................ 45 
2.4.4 Definition of ultimate strength ..................................................................... 46 
2.4.5 Research on tubular joints with cracks and fracture of tubular joints ............ 48 
2.5 Metallurgy of carbon steel ........................................................................... 50 
2.5.1 Introduction ................................................................................................. 50 
2.5.2 Steel and the Fe-C phase diagram ................................................................ 50 
2.5.3 Heat treating practices.................................................................................. 52 
2.6 Lamellar tearing ........................................................................................... 53 
2.6.1 Introduction ................................................................................................. 53 
2.6.2 Mechanism of lamellar tearing ..................................................................... 54 
2.6.3 Factors contributing to lamellar tearing ........................................................ 54 
Chapter 3 Material Properties Tests .......................................................................... 56 
3.1 Introduction ................................................................................................. 56 
3.2 Tensile coupon tests for PJP+ X-joints ......................................................... 57 
3.2.1 Tensile coupon tests for J1-1F ...................................................................... 57 
3.2.2 Tensile coupon tests for J1X-F ..................................................................... 64 
3.2.2.1 Tensile coupon tests in the rolling direction ................................................. 64 
3.2.2.2 Tensile coupon tests in the through- thickness direction of the chord ........... 68 
3.2.3 Tensile coupon tests for J1-2F ...................................................................... 75 
3.3 Fracture toughness tests for PJP+ X-joints ................................................... 78 
3.3.1 Fracture toughness test for J1-1F.................................................................. 78 
3.3.2 Fracture toughness test for J1X-F ................................................................. 86 
3.3.2.1 Fracture toughness test in the rolling direction ............................................. 86 
3.3.2.2 Fracture toughness test in the through-thickness direction ............................ 89 
 iv 
 
3.4 Tensile coupon tests for XN1........................................................................93 
3.5 Fracture toughness tests for XN1 ..................................................................96 
3.6 Conclusions ................................................................................................ 100 
Chapter 4 Improved Crack Length Expressions for the DC(T) and the M(T) 
Specimens ................................................................................................................... 101 
4.1 Introduction ................................................................................................ 101 
4.2 Improved Crack Length Expressions for the DC(T) specimens ................... 102 
4.2.1 Introduction ................................................................................................ 102 
4.2.2 ASTM E399 implementation ...................................................................... 104 
4.2.3 Finite element program ............................................................................... 106 
4.2.4 FE Results .................................................................................................. 110 
4.2.4.1 Mesh convergence ...................................................................................... 110 
4.2.4.2 Crack length expression for B/W = 0.5 and υ = 0.3 for compliance measured 
at the crack mouth ........................................................................................................ 111 
4.2.4.3 Effect of Poisson’s ratio on crack mouth compliance .................................. 116 
4.2.4.4 Effect of specimen thickness on crack mouth compliance ........................... 120 
4.2.4.5 Crack length expression based on load-line compliance .............................. 122 
4.2.5 Summary .................................................................................................... 128 
4.3 Improved Crack Length Expressions for the M(T) specimens ..................... 129 
4.3.1 Introduction ................................................................................................ 129 
4.3.2 ASTM E647 implementation ...................................................................... 130 
4.3.3 Finite element program ............................................................................... 132 
4.3.4 Results........................................................................................................ 136 
4.3.4.1 Uniform stress versus uniform displacement loadings ................................. 136 
4.3.4.2 The compliance unifying parameter x for the M(T) specimen ..................... 137 
4.3.4.3 Effect of notch geometry ............................................................................ 142 
4.3.4.4 Crack length expression with B/W = 0.02 and h/W = 0.05 .......................... 143 
4.3.4.5 Effect of specimen thickness....................................................................... 146 
4.3.4.6 Effect of Poisson’s ratio.............................................................................. 148 
4.3.5 Summary .................................................................................................... 151 
4.4 Conclusions ................................................................................................ 152 
Chapter 5 Residual Strength Tests of Cracked X-joints under In-plane Bending .. 153 
5.1 Introduction ................................................................................................ 153 
5.2 Residual strength test of cracked PJP+ X-joints .......................................... 157 
5.2.1 Test Methodologies .................................................................................... 157 
5.2.2 Instrumentations ......................................................................................... 159 
 v 
 
5.2.3 Residual strength test of J1-1F ................................................................... 162 
5.2.4 Residual strength test of J1X-F .................................................................. 172 
5.2.5 Residual strength test of J1-2F ................................................................... 173 
5.2.6 Residual strength test of J2-1GF ................................................................ 178 
5.3 Residual strength test of cracked high-strength thick-walled X-joint XN1 .. 183 
5.3.1 Setup for fatigue-cracking .......................................................................... 184 
5.3.2 Fatigue-cracking procedures ...................................................................... 186 
5.3.3 Setup and instrumentation for the residual strength test of cracked XN1 .... 187 
5.3.4 XN1 residual strength test procedures ........................................................ 188 
5.3.5 Results and discussions .............................................................................. 189 
5.3.5.1 Fatigue-cracking ........................................................................................ 189 
5.3.5.2 Residual strength test ................................................................................. 190 
5.4 Discussions ................................................................................................ 196 
5.5 Conclusions ............................................................................................... 201 
Chapter 6 Lamellar Splitting in Tubular Joints ...................................................... 203 
6.1 Introduction ............................................................................................... 203 
6.2 Experimental program ............................................................................... 207 
6.2.1 Geometry ................................................................................................... 207 
6.2.2 Loading ..................................................................................................... 207 
6.2.3 Existing fatigue cracks ............................................................................... 207 
6.3 Material Properties in the Rolling Direction ............................................... 209 
6.3.1 Tensile Test ............................................................................................... 209 
6.3.2 Fracture Toughness .................................................................................... 210 
6.4 Lamellar Splitting Failure .......................................................................... 213 
6.5 Investigation into Lamellar Splitting .......................................................... 218 
6.5.1 Through-Thickness Tensile Test ................................................................ 218 
6.5.2 Through-Thickness Fracture Test ............................................................... 218 
6.5.3 Macroetching ............................................................................................. 219 
6.5.4 Chemical Composition ............................................................................... 221 
6.5.5 Microscopic Examination .......................................................................... 222 
6.6 Finite Element Simulation.......................................................................... 224 
6.7 Discussions ................................................................................................ 228 
6.8 Conclusions and Recommendations ........................................................... 231 
Chapter 7 Failure Assessment of X-Joints................................................................ 233 
7.1 Introduction ............................................................................................... 233 
 vi 
 
7.2 Failure assessment of a reference T-joint .................................................... 235 
7.2.1 Introduction ................................................................................................ 235 
7.2.2 Failure assessment curve modified by crack-front constraints ..................... 235 
7.2.3 The experiment of a cracked T-joint ........................................................... 237 
7.2.4 Finite element modelling of T-joints ........................................................... 239 
7.2.5 Results........................................................................................................ 241 
7.2.5.1 Assessment using the original FAD ............................................................ 242 
7.2.5.2 Assessment using constraint-modified FAD ............................................... 246 
7.2.5.3 Level 3C FAC ............................................................................................ 250 
7.2.6 Discussions ................................................................................................ 250 
7.2.7 Summary .................................................................................................... 254 
7.3 Failure assessment of PJP+ and high-strength X-joints ............................... 255 
7.3.1 Introduction ................................................................................................ 255 
7.3.2 Failure assessment for J1-1F ....................................................................... 255 
7.3.2.1 Effect of Crack-front profile ....................................................................... 256 
7.3.2.2 Level 2A and 2B failure assessment of J1-1F.............................................. 258 
7.3.3 Failure assessment for J1-XF ...................................................................... 265 
7.3.4 Failure assessment of J1-2F ........................................................................ 270 
7.3.5 Failure assessment of thick-walled joint XN1 ............................................. 272 
7.3.6 Discussions and conclusions ....................................................................... 275 
7.4 Conclusions ................................................................................................ 280 
Chapter 8 Conclusions and Future Work ................................................................. 282 
8.1 Introduction ................................................................................................ 282 
8.2 Summary of main findings and conclusions ................................................ 284 
8.3 Proposed future work.................................................................................. 288 
8.3.1 Residual strength of fatigue cracked concrete-filled tubular joint ................ 288 
8.3.2 Fatigue induced lamellar splitting ............................................................... 289 






Tubular hollow sections have been widely used as modern constructional forms. In the 
past 50 years, there have been continuous efforts in understanding the strength and 
behavior of intact tubular joints. However, in many real applications, especially in the 
offshore environment, tubular connections are subjected to cyclic loads, and cracks could 
develop in the critical connections. The existence of fatigue cracks might reduce the 
strength and ductility of the joints and even lead to fracture failure. There has been 
limited research in the residual strength of fatigue-cracked tubular joints with the 
experimental data still in scarcity. 
In the present study, five fatigue cracked large-scale circular hollow section X-
joints with different surface crack profiles at the weld toe were tested under in-plane 
bending. The five large-scale tests covered four important failure modes. These series of 
tests contributed important addition to the existing experimental data base. The material 
test program revealed that the material for the chord member of the X-joints, which were 
grade 355 steels produced by the thermomechanically controlled process, exhibited 
excellent fracture resistance in the presence of fatigue cracks orientated perpendicular to 
the rolling direction of the steel plates. This property, in conjunction with satisfactory 
strength, makes the steel a candidate in applications where fracture might be a concern. 
The present study discovered the first incidence of brittle lamellar splitting 
phenomenon in laboratory for large-scale joints with fatigue cracks, which severely 
decreased the ductility of the joint. The investigation program suggested that the cause of 
the lamellar splitting was the complex interplay of joint geometry, fatigue crack history, 




The failure assessment analyses, integrating the fracture resistance curve obtained 
from the small-scale fracture specimen, the crack profile in the large-scale tubular joint, 
and the crack driving force from detailed finite element models, were performed. The 
ductile tearing assessment following the procedure outlined in BS7910 indicated that the 
level 2A assessment curve did not provide a conservative estimation on the failure load 
causing the brittle fracture observed in the experiment. The level 3C curve, in contrast, 
showed safe estimations. Based on the findings, the research proposed corrective 
measures for assessment with the level 2A curve and recommends the use of level 3C 
curve for X-joints under in-plane bending. 
The present study showed that the existing compliance relationships based on 2D 
analyses for two types of the small-scale fracture specimens in the ASTM standards were 
not accurate for shallow crack depths. Parametric finite element study simulating the 
crack advancement by progressive release of the boundary conditions for the elements on 
the crack plane was performed, and improved compliance relationships for these two 
types of fracture specimens were proposed.  
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Chapter 1 Introduction 
1.1 Background and motivations 
It has been more than 50 years since the oil and gas industry started developing wells in 
the offshore environment. Many of the production platforms are space truss frames 
(jackets) and jack-ups. Jackets are the traditional platforms fixed to the sea bed with piles. 
Through the mid 1980s, jackets were still the most dominant offshore production 
facilities. Most of the jackets have exceeded their original design life of generally 20 
years, or at most 30 years, but the life is being substantially extended either due to life 
extension of the oil and gas field or integration into new developments as part of the 
infrastructure. As of today, jack-up rigs drill the most number of offshore wells. Jack-ups 
are designed to be mobile, but in an increasing trend they are being utilized as medium or 
long-term production support structures, which eliminates the possibility for traditional 
regular dry dock inspection and repair. Figure ‎1.1 shows a typical jacket rig and a typical 
three-legged jack-up rig. 
Both the jackets and the leg structure of the jack-ups are comprised of circular 
hollow section (CHS) welded tubular components. The welded connections are named as 
tubular joints. Jackets and jack-ups are subjected to variable amplitude cyclic loads 
induced by winds, waves and currents throughout its service life and possible overloads 
such as impact loads during transportation and installation and impact by an approaching 
boat during operation. Therefore, the development and growth of fatigue cracks, usually 
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at the hot-spot locations in the weld toe of the joint, is inevitable. Figure ‎1.2 shows a 
cracked multi-planar tubular joint. The presence of cracks in the joint imposes threats to 
the safety of aging jackets and jack-up units. The failure of a drilling rig, which takes a 
high cost to build and install, would bring huge economic and social impact due to loss of 
structures and lives, and possibly environmental disaster. On the other hand, the drilling 
rigs are desired to operate as long as possible for maximum productivity. Frequent repairs 
of multiple minor flaws, which hardly enhance structural integrity and may be 
unnecessary, can cause delay in production and compromise efficiency. There is a huge 
economic incentive to determine if the existing structure (containing cracks) is “fit-for-
service”. 
    
Figure ‎1.1: A jacket rig and a three-legged jack-up rig. 
 
Figure ‎1.2: A cracked multi-planar welded tubular joint in a jack-up leg. 
Crack 
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  Structural integrity assessment methods have been developed to assess the 
severity of the cracks, define service intervals, and judge the necessity of repair or 
estimate remaining residual strength and residual life. The failure assessment diagram 
(FAD) procedures incorporated in BS7910 [1] are routinely applied in a range of simple 
structures and components, including pipelines, pressure vessels, and storage tanks. The 
FAD concept finds its basis on fracture mechanics principles and structural analysis. 
Tubular joints are of more complex geometry than plate connections, pipelines and 
storage tanks. Very little information is available on the residual strength of crack tubular 
joints. The procedures stipulated in BS7910 [1] for estimation of the residual strength of 
cracked tubular joints has not been verified for large-scale X-joints under in-plane 
bending loading condition due to the absence in experimental data. Another difficulty in 
assessing tubular joints is the lack of crack driving force solutions for complex structures 
like tubular joints. The work presented in this thesis fills up the void in experimental data 
and applies the FAD concept in assessing large-scale fatigue crack X-joints through both 
experimental study and finite element simulations. 
1.2 Objectives and scopes of research 
The purpose of this research is to investigate the standard BS7910 [1] failure assessment 
procedures for the assessment of fatigue-cracked CHS X-joints under in-plane bending 
through both experimental investigations and numerical simulations, and develop safe 
failure assessment procedures for CHS X-joints under in-plane bending. The BS7910 [1] 
procedures integrate fracture toughness properties and tensile properties obtained from 
small-scale specimens to the assessment of large-scale CHS X-joints. These X-joints 
include realistic fatigue cracks and machine-notched cracks. The research also aims to 
study the new lamellar splitting failure mode in tubular joints by mechanical properties 
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tests, microscopic examinations, and chemical composition tests. In addition, the research 
targets at improving the experimental procedures in fracture toughness tests by proposing 
more accurate crack length expressions for two types of fracture specimens. The research 
work involves the following inter-related activities to fulfil the objectives: 
 The major experimental work involves residual strength tests of large-scale X-
joints under in-plane bending which are fatigue-cracked prior to the tests. The 
purpose of the fatigue crack tests is to develop fatigue cracks at hot-spot locations 
as observed in realistic offshore platforms. The residual strength test for the high 
strength steel joint, which includes fatigue cracks initiated from a machined notch, 
has extended the fracture test approach in ASTM E1820 [2] conventionally used 
only for standard small-scale specimens. 
 To study the tensile properties and fracture resistance of the materials, small-scale 
specimens are extracted from the regions in the joint that experiences low stress 
during residual strength test. Apart from conversional material properties tests in 
the rolling direction of the steel plate, experimental procedures are designed to 
measure both tensile properties and fracture toughness in the through-thickness 
direction. 
 The failure assessment of the X-joints integrates both experimental and numerical 
results to assess the residual strength of cracked X-joints under in-plane bending 
based on BS7910 [1] procedures. The numerical simulation utilizes the material 
properties data to build detailed 3D finite element models and computes both the 
linear-elastic and elastic-plastic crack driving force under loading conditions 
corresponding to the experiments. 
 The research work investigates the newly discovered lamellar splitting failure 
mode in tubular joints manufactured from thermo-mechanically controlled 
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processed steel which has been produced under high quality control and is 
expected to demonstrate strong resistance against fracture failure. The lamellar 
splitting in one of the X-joints is the first time such phenomenon is captured in 
laboratory. The investigations on lamellar splitting, targeted to uncover the source 
of this failure, examine the chemical composition of the material, mechanical 
properties in both the rolling and through-thickness direction, and microscopic 
scanning of materials near the fracture locations. 
 The research conducts 3D parametric finite element study to simulate the 
advancement of the crack in the DC(T) and the M(T) fracture specimens by 
progressive release of the boundary conditions for the elements on the crack plane, 
and proposes improved crack size vesus compliance relationships for these 
specimens. This study is motivated by the demonstration that the existing crack 
length expressions in the ASTM standards [3, 4] for these two types of specimens 
based on 2D analyses are not accurate at shallow crack depths.  
1.3 Key contributions 
The research work presented in this thesis consolidates to three key contributions: 
 The unconventional lamellar splitting failure mode investigated in the current 
research has not been the design consideration for modern tubular structures. 
Passing the chemical composition and reduction of area requirements specified in 
the codes of practices [5-7] does not prevent the brittle lamellar splitting. 
Investigations suggest that the concentrated elongated inclusions at the middle 
thickness of the plate and the cold rolling process to fabricate tubular members 
from steel plates are the main causes of lamellar splitting. 
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 The proposed crack length expressions improve the accuracy of the fundamental 
fracture toughness and fatigue test procedures for two types of fracture specimens.  
 The research program includes residual strength tests of five large-scale X-joints 
under in-plane bending, which has not been performed in the previous researches 
on tubular joints. The FAD analyses on the X-joints highlight that the standard 
level 2 failure assessment procedures in BS7910 [1] tends to produce results that 
are not conservative. Based on the findings, the research develops failure 
assessment procedures for X-joints under in-plane bending. 
1.4 Outline of the thesis 
The contents of the subsequent chapters in this thesis are briefly described as 
follows. ‎Chapter 2 reviews fracture mechanics fundamentals, failure assessment diagram 
procedures, tubular joints, and steel metallurgy. ‎Chapter 3 reports the material properties 
test results, which consists of tensile coupon tests and fracture toughness tests. ‎Chapter 4 
covers the parametric finite element study to obtain improved crack length expressions 
for the DC(T) and the M(T) specimens. ‎Chapter 5 describes the residual strength tests for 
cracked large-scale X-joints. ‎Chapter 6 devotes to lamellar splitting behaviour in an X-
joint and the associated investigations. ‎Chapter 7 adopts the results from previous 
chapters and presents the failure assessment results for X-joints. ‎Chapter 8 summarizes 
key findings and recommends future studies.  
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Chapter 2 Literature Review 
2.1 Introduction 
This chapter presents a survey of literature pertinent to the experimental and numerical 
studies of the project. The literature survey starts with a review of fundamental concepts 
of fracture mechanics, including the aspects of both fracture theories and tests. The 
literature survey then gives particular emphasis on the failure assessment diagram 
methods which is common for structural integrity assessment of a structure or a 
component. This chapter then covers tubular joints which are the core subjects of the 
research. Finally, a brief review on steel metallurgy and lamellar tearing is presented. 
Unexpected failure mode by lamellar splitting during the residual strength test of two of 
the tubular joints and the associated work carried out to understand the failure mode has 
made the review on material considerations of steel necessary.  
2.2 Fracture mechanics fundamentals 
2.2.1 Introduction 
For most disciplines, the need to understand and solve the problem normally comes long 
before the study of the problem is developed into a research field. Humans have observed 
and faced fracture problems for a long time. Several centuries ago in investigating the 
strength of brittle iron wires, Leonardo da Vinci discovered that the fracture strength of 
the wires was inversely proportional to the length of the wires [8]. Da Vinci inferred that 
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the phenomenon was associated with the statistics of flaws in the samples. A longer wire 
corresponds to a larger sample volume and a higher probability of finding a significant 
flaw. The rational quantitative descriptions of fracture mechanics had probably began 
with the work of Griffith [9] on fracture in glass in the 1920s. Then fracture mechanics 
was formally developed by Irwin [10] and others from the late 1940s onwards. 
In general, there are three crack separation modes. Mode I is the opening mode 
with the applied tensile stress normal to the plane of the crack. Mode II is the sliding 
mode where a shear stress is acting parallel to the plane of the crack and perpendicular to 
the crack front.  Mode III corresponds to the tearing mode where a shear stress is acting 
parallel to both the plane of crack and the crack front. The three modes are depicted 
graphically in Figure ‎2.1. If it is not explicitly specified, the fracture mode in this thesis 
refers to the Mode I fracture. 
 
Figure ‎2.1: The three fracture modes. 
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2.2.2 Fracture mechanics theories 
2.2.2.1 Linear-elastic fracture toughness 
Fracture mechanics was first introduced to study the behaviour of brittle fracture. Griffith 
[9] was the pioneer who tackled this problem. Brittle fracture means that failure occurs 
within a globally linear-elastic behaviour. Plastic deformation near the crack tip is 
confined to a small plastic zone and does not disturb linear elasticity. If the constraint 
effect is not included, the stress state, strain fields, and deformation fields near the crack 
tip can be uniquely defined by a parameter called the stress intensity factor, K. The stress 
intensity factor defines the amplitude of the crack tip singularity: the stress near the crack 
tip increases proportionally to K. The crack tip reflects the far field conditions, including 
the boundary conditions, fracture geometry, loads, and so on, through the stress intensity 
factor. Thus stress intensity factor is a function of geometry, loading condition, boundary 
conditions, crack length and configuration, etc. For an infinitely large plate containing a 
through-thickness crack of length 2a under Mode I loading subjected to a homogeneous 
distributed nominal stress σ, the expression for the stress intensity factor is: 
 K a    (2.1) 
It is apparent that, in reality, there is no test specimen or structural component that 
is of an infinite size. The crack may not locate at the center and may be a surface crack 
instead of a through-thickness crack. The loading condition may also differ from the 
uniform tensile stress. Thus the K solutions are different for different crack configurations 
and different loading conditions. Several handbooks devoted solely to stress intensity 
solutions have been published [11-13]. 
                                                                                                  ‎Chapter 2 Literature Review 
10 
 
Although stress intensity factor solutions are presented in different expressions for 
different cases, K can always be written in a form similar to the through-thickness crack 
in a large plate solution (Equation 2.1) by applying appropriate dimensionless correction 
factor Y(a/W), where W is the width of the test specimen: 
 ( , , ) ( / )I II IIIK Y a W a    (2.2) 
For example, the Mode I stress intensity factor for a semi-elliptical crack in a large plate 
has the solution shown in Figure ‎2.2. 
 
Figure ‎2.2: Mode I stress intensity factor for semi-elliptical cracks in a large plate and a ≤ c. 
The stress intensity factor solutions for common laboratory specimens are usually 
presented in a slightly different but more convenient format. Table ‎2.1 lists some of the 
common configurations. More extensive collection of K solutions can be found in 
Anderson’s book [14]. Given the stress intensity factor, the stresses, strains, and 
displacements near the crack tip can be completely defined. Table ‎2.2 and Table ‎2.3 
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assume that a material fails locally at some combination of stresses and strains with a 
corresponding K value, we say this is the critical K value for crack extension, denoted as 
Kc. This Kc value is termed as the fracture toughness and, like the yield strength, is an 
intrinsic material property, independent of geometry of component, loading conditions, 
and crack size and configurations. 
Table ‎2.1: KI solutions for common test specimens. 
Geometry f(a/W)* 
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Table ‎2.2: Stress fields ahead of a crack tip for Mode I and Mode II in a linear elastic isotropic 
material. 
 Mode I Mode II 
σxx 
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σzz 
0 (Plane Stress) 
υ(σxx+ σyy) (Plane Strain) 
0 (Plane Stress) 




υ is the Poisson’s ratio 
 
Table ‎2.3: Crack tip displacement fields for Mode I and Mode II in a linear elastic, isotropic material. 
 Mode I Mode II 
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μ is the shear modulus 








Williams [15] utilized an analytical eigenvalue expansion method to demonstrate that the 
crack tip stress fields in an isotropic elastic material can be expressed as an infinite power 
series. The leading term is the stress intensity factor term, which exhibits 1/ r
singularity. The second is a constant, called the T-stress. The third term is proportional to 
r . A positive T-stress has the effect of decreasing the apparent fracture toughness 
whereas a negative T-stress increasing it. Larsson and Carlsson [16] employed the finite 
element method to show that one has to modify the boundary solution for crack problems 
by including the non-singular T-stress parallel to the crack plane in order to match the 
stress solution for a specific specimen. T-stress can influence both the plastic zone shape 
and the stresses deep inside the plastic zone [17]. Betegon and Hancock [18] suggested 
that two parameters should be used to characterize crack tip fields when T-stress is 
negative. Williams and Ewing [19] conducted experiments on thin plates of 
polymethylmethacrylate where the specimen fractured with cracks set at various angles to 
an applied uniaxial stress. Finite element studies also showed that for large positive T-
stress the initiation of brittle fracture in mode I cracks can occur at angles deviating from 
the original crack plane [20]. Under the mixed mode loading, the role of T-stress in brittle 
fracture for linear elastic material has been investigated by Smith [21]. 
The first two terms of the Mode I plane strain Williams solution for a crack in an 




















  (2.3) 
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Following Williams work, T-stress solutions for different loading conditions and 
geometries have been published by other researchers. T-stress solutions at the interface of 
crack tip under in-plane and out-of-plane loadings have been analyzed by Moon and 
Earmme [22]. Fett [23] determined T-stresses for single and double-edge-cracked circular 
disks under mixed boundary conditions using boundary collocation method. T-stresses for 
an anisotropic elastic medium under mixed mode loading have been presented by Su and 
Sun [24] who reported the T-stress solutions for centered crack in an anisotropic plate. 
The full set of elastic T terms of internal elliptical cracks under mixed-mode loading 
condition has been investigated by Molla-Abbasi and Schutte [25]. 
 In summary, although the singular stresses are dominant very near the crack tip, 
the constant term, T-stress, in Williams’ expansion is also important in fracture mechanics. 
T-stress can influence significantly the stress state at the crack tip and the processes of 
crack extension. T-stress is influenced by geometry in addition to loading and should be 
considered for a more accurate description of crack tip field, especially when it is 
beneficial. 
2.2.2.3 Validity limits of linear fracture mechanics and stress intensity factor 
Linear elastic fracture mechanics theory works well with brittle materials, such as glass 
and mild steel at very low temperatures. However, for most applications, the material to 
be used is desired to have high fracture strength, so that the structure or component would 
not fail before significant yielding occurs. Up to a certain stage where the plasticity is 
small and confined locally, the stress intensity factor can still be applied with correction 
factors to take into account the small plastic zone ahead of the crack tip. After this stage, 
the material exhibits non-linear response under large stress or equivalently large induced 
strain. Prior to the crack growth, the material near the crack tip has undergone extensive 
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plastic deformation. The assumption of small scale yielding conditions no longer holds. 
K-based stability analysis can give misleading estimates of load carrying capacity. The 
commonly used characterizing parameters for non-linear fracture mechanics are J-integral 
and crack tip opening displacement (CTOD). The highly non-linear fracture response is 
called ductile fracture. In ductile materials, the crack moves slowly and usually will not 
extend unless there is an increase in the applied stress. On the other hand, in brittle 
material, once the crack initiates, the crack will propagate even when the applied stress is 
held constant. Figure ‎2.3 shows different deformation patterns and surface characteristics 
of ductile fracture and brittle fracture. Ductile materials demonstrate large amounts of 
plastic deformation while brittle materials show little or no plastic deformation before 
fracture. 
 
Figure ‎2.3: (a) Cup and cone fracture in Aluminium; (b) brittle fracture in mild steel. 
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2.2.2.4 Elastic-plastic fracture toughness 
2.2.2.4.1 Non-linear elastic theory 
The theory of plasticity relates total strains to stresses in an elastic-plastic material. Once 
the material has yielded, unloading of a material will only recover the elastic strain from 
the total strain. That implies that the loading line and unloading line follow different paths 
after yielding. The line of unloading will be parallel to the initial elastic part of the 
loading curve, with a slope equal to Young’s Modulus, as illustrated in Figure ‎2.4b. 
The stress and strain curves for most metals under uniaxial loading and unloading 
follow theory of plasticity. However, the downside of incremental theory is that a given 
strain in an elastic-plastic material may correspond to more than one stress values if it is 
unloaded or cyclically loaded after yielding. Under the theory of non-linear elasticity, the 
unloading curve of the nonlinear elastic material follows the same path as its loading 
curve (Figure ‎2.4a). The deformation history is ignored. Therefore, there is a unique 
correspondence of stress and strain. Although this theory maybe physically unsatisfactory 
for metals, it is much easier for analysis. For monotonically increasing and proportional 
loading, deformation and incremental plasticity theories actually coincide. In cases where 
proportional loading do not meet, the nonlinear elastic assumption may still give a good 
approximation to elastic-plastic material, provided that there is no unloading. One 
example of non-proportional loading would be the case of combined torsional loading and 
compression. In the case of cyclic loading of metals under multi-axial stress states, the 
theory of non-linear elasticity does not apply. 
 




The breakthrough in the study of elastic-plastic fracture behavior in tough materials can 
be credited to Rice [26] who proposed a path independent line integral, J-integral, that 
encloses the crack front (Figure ‎2.5) by idealizing the elastic-plastic material as the 
nonlinear elastic material.  The definition of J-integral is as follows: 
 
u





   (2.4) 
where J    effective energy release rate 
 W    elastic strain energy density or plastic loading work 
 u    displacement vector at ds  
 ds   an infinitesimal arc length along Γ 
 n    outward unit normal to Γ 
 s    arc length 
 T   tension vector (traction forces) on the body bounded by Γ 
    arbitrary counterclockwise contour 
   
Rice [26] showed that the J-integral would be the same regardless whether Γ1 or 
Γ2 is selected. The J-integral in Equation 2.4 characterizes the stress-strain field around 
the crack tip. It has been shown that J-integral is equivalent to the energy release rate at 
the crack tip during crack growth [27]. Therefore, the J-integral is both an energy 
parameter and a stress intensity parameter.  
2.2.2.4.3 Crack tip opening displacement  
Another elastic-plastic parameter commonly used is the crack tip opening displacement 
(CTOD). The concept to CTOD as a stress intensity factor was proposed by Wells [28] 
before the J-integral method was proposed. Wells observed in experiments that in tough 
materials, plastic deformation had blunted an initially sharp crack tip and the crack faces 
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had moved away from each other prior to facture. Shih [29] established a one-to-one 
relationship between CTOD and J-integral based on the Hutchinson-Rice-Rosengren 
solution [30, 31], showing that the two characterizing parameters for elastic-plastic 
fracture are actually equivalent. Figure ‎2.6 depicts the definition for CTOD used by Shih 
[29], in which CTOD is denoted as t . 
  
(a)                                                               (b) 
Figure ‎2.4: (a) Theory of non-linear elasticity; (b) theory of plasticity. 
 









Figure ‎2.6: Sharp crack and deformed crack profile with 90
o
 definition for crack tip opening 
displacement. 
2.2.2.4.4 Relationship between K, J, and CTOD 
Fracture parameters can be expressed in a few different forms, and one form can be 
related to and equivalently converted to another form. The elastic J is related to K under 








   (2.5) 
The effective Young’s modulus, 'E  is equal to the Young’s modulus, E, in a plane stress 
condition and  2/ 1E   in a plane strain condition, where   is the Poisson’s ratio. In a 
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2.2.3 Fracture toughness test  
2.2.3.1 Introduction 
A material’s resistance to facture is the fracture toughness. Laboratory tests have been 
developed to evaluate a material’s resistance to fracture. The fracture toughness, in 
general, depends on the composition of the material and its microstructure and testing 
temperature. In addition, it is also influenced by the loading rate and specimen geometry.  
Fracture toughness can be presented by various parameters. The commonly tested 
parameters include stress intensity factor K, crack mouth opening displacement (CMOD, 
to infer CTOD), and J-integral. Regardless of specimen type and representing parameters, 
the fracture toughness test always involves specimen precracking by fatigue, as it is 
impractical to obtain a sharp and narrow machined notch that can simulate a natural crack 
well enough. To produce a fatigue precrack, a fatigue crack starter notch is introduced to 
facilitate fatigue crack initiation, and then the specimen undergoes cyclic loads to get a 
short fatigue crack. 
The instrumentation of a fracture toughness test includes the applied force, 
displacements, loading rate and environmental temperature. The testing environment 
should represent the realistic environment which the engineering component experiences. 
The measured displacements include load line displacement and CMOD.   
2.2.3.2 Fracture toughness testing standards 
Several standards are available for the determination of fracture toughness. ASTM has a 
series of standards for fracture toughness testing. ASTM E1820 [32] is one of the widely 
used testing standard which covers testing of KIc, critical CTOD and J values, including 
the fracture resistance curve. Some ASTM standards are devoted for specific purpose: 
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ASTM E1304 [33] is the test method for plane-strain (Chevron-notch); ASTM E740 [34] 
is for surface-crack tension specimens; ASTM E1290 [35] is for CTOD test. The British 
Standard BS 7448 [36-39] is for test of metallic materials and comprises four parts. Part I 
provides method for determination of KIc, critical CTOD and critical J values. Part II is 
devoted to weldments. Part III covers dynamic fracture testing at high strain rates with 
rates of increase in stress intensity factor greater than 3.0 MPa∙m0.5s-1. Part IV covers 
facture resistance curve and initiation values for ductile tearing. ISO 12135 [40] has a 
unified standard which covers all aspect of fracture toughness testing of plane material. 
European structural integrity society [41, 42] also has a few documents on fracture testing. 
2.2.3.3 Common fracture mechanics specimens 
The most common and extensively used laboratory specimens for fracture toughness test 
are the compact tension specimen, or C(T) specimen, and the single edge notched bend 
specimen, or SE(B) specimen, as illustrated in Figure ‎2.7. The SE(B) specimen is loaded 
by three-point bending. A bend fixture is required to apply the loading. The C(T) 
specimen is the ideal choice when the amount of sample material is limited. Two notch 
details are allowed in British Standard BS 7448 [36]. One is straight notch compact 
specimen, and the other is steeped notch compact specimen. The recommended 
proportional dimensions and tolerances for a stepped notch design are shown in 
Figure ‎2.8, following specifications list in ASTM E1820 [32]. 




Figure ‎2.7: The single-edge notched bend specimen and the compact tension specimen. 
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2.3 Failure assessment diagram methods 
2.3.1 Introduction 
In engineering, interaction diagrams are commonly used because of its convenience and 
simplicity. Many of these diagrams have undergone a series of modifications and 
revisions to arrive at their current forms which account for more recent development in 
the field and more suitable for practical usage. Some of the diagrams may have analytical 
origin, while others may be purely empirical. There are also diagrams that are partially 
theoretical and partially empirical. Failure assessment diagram (FAD) is one example of 
the latter. 
There are two common causes of structural failure. One is the failure caused by 
brittle fracture, and the other is failure caused by plastic collapse. By the 1970s, these two 
criteria have been sufficiently well understood to be applied in practice, while the theories 
for elastic-plastic fracture mechanics were yet to become mature and gain wide 
acceptance. Dowling and Townley [43] initiated a two-criterion approach to study the 
defects in structures. This approach states that structural failure occurs when the loading 
system reaches the lower of either a magnitude calculated to cause fracture by the LEFM 
theory or a value sufficient to cause plastic collapse of the structure. Harrison et al. [44] 
modified this approach to define the FAD and proposed the R6 defect assessment 
procedure [45]. Over the years, the FAD approach has been updated to account for 
complexities in practical applications and advancement in analysis. 
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2.3.2 First version of the failure assessment diagram approach 
Dowling and Townley [43] introduced the FAD approach by normalizing the collapse 
load and the LEFM fracture load of a structure. For LEFM, fracture is assumed to occur 
when the applied K reaches a critical value, matK , the fracture toughness. The 
corresponding critical stress
app






Y a W a


   (2.8) 
Similarly, for plastic collapse, the failure load can be expressed in plastic collapse 
failure stress, 
app
u , in terms of a relationship between the ultimate tensile stress of the 
material, u , and a geometric function, as follows: 
  /appu uG a w    (2.9) 
where G(a/w) is a function that accounts for the specific geometry and crack depth of the 
body. In the limit a/w → 0, which corresponds to an uncracked body of the same 
geometry, the collapse load is: 
  0 0
app
u uG    (2.10) 
Dowling and Townley [43] introduced the normalized facture parameter, fp

, by 
normalizing the load at fracture failure according to LEFM against the collapse load for 
an uncracked body,  0
app















    (2.11) 
The fracture parameter, fp

, reaches infinity when the crack depth approaches zero, 
implying that fracture is not the cause of failure when there is no crack.  
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Similarly, the collapse load for a crack body is normalized against the collapse 

















     (2.12) 
The value of up

 in Equation 2.12 approaches unity when the crack depth approaches 
zero, which indicates that for small crack sizes, failure is governed by plastic collapse 
rather than fracture.  
By studying Equation 2.11 and Equation 2.12, Dowling and Townley [43] 
estimated the effects of various parameters, including the structure size, fracture 




. In Figure ‎2.9, the normalized plastic collapse 
load, up

, and the normalized LEFM fracture load, fp

, are plotted together as the 
normalized failure load, p

. Figure ‎2.9a presents the failure load against fracture 
toughness. In addition, the effect of different crack sizes for a given structure is shown. 
Similarly in Figure ‎2.9b, the effect of crack size on the failure load is plotted for a 
particular structure. Also, it can be seen that material properties influence the failure load. 
An increase in the ultimate stress of the material or a decrease in fracture toughness will 
bring the ultimate collapse line and LEFM fracture line closer relative to each other. 
Naturally, the failure line of a structure is always determined by the lower of the collapse 
load line and the LEFM fracture load line. Failure tends to be governed by plastic 
collapse when the fracture toughness is high or the ultimate stress of the material is low, 
and vice versa.  
 
 




         
Figure ‎2.9: Variations of the normalized failure load with (a) fracture toughness, K; (b) crack size.  
 Dowling and Townley [43] analyzed several different structural geometries and 
compared the analytical solutions with various experimental results. Most of the 
comparisons showed good agreement between the two-criterion approach and test results. 
The structures, made of various materials (aluminium alloy, titanium alloy and various 
steels), include test specimens (compact tension specimens and four-point bend 
specimens), pressure vessels (spherical vessels with through crack and cylindrical with 
through crack and surface crack), and flywheels. One comparison is presented in Figure 
2.10 for cracked titanium alloy cylinders at -196 
o
C. The experimental values of p

 are 
the ratio of the experimentally measured values of nominal applied stress at failure to the 
values of applied stress at the ultimate collapse in the uncracked structure, 0
app
u . The 
failure lines in Figure ‎2.9 and Figure 2.10 show dependence on geometry, and the LEFM 
failure lines are further dependent on material properties. Dowling and Townley [43] 
introduced two additional normalized parameters to extend further the validity of the 
failure lines against the experimental data for structures of various geometries and 
materials examined in the article. The two normalizations introduced the ultimate collapse 
Fracture Toughness K 
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                                                                                                  ‎Chapter 2 Literature Review 
27 
 
ratio and the fracture ratio. The former is the ratio of the applied load at failure ( fL ) to 
the ultimate collapse load in the cracked structure ( uL ): 
 / /f u uL L p p
    (2.13) 
The fracture ratio is the ratio of the applied load to cause LEFM failure ( KL ) to ultimate 
collapse load in the cracked structure: 
 / /K u f uL L p p
    (2.14) 
Following the load normalizations in Equation 2.13 and Equation 2.14, all the 
experimental failure points considered by Dowling and Townley [43] were plotted in 
Figure 2.11. The plastic collapse corresponds to / 1.0f uL L  , and LEFM failure 
corresponds to / /f u K uL L L L . The experimental data in Figure 2.11 is well represented 
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  (2.15)  
Equation 2.15 was actually based on a modified version of the strip-yield model, in which 















   
  
  (2.16) 
At failure, the effective stress intensity factor, effK , is equal to the fracture 
toughness in terms of stress intensity factor, matK . Through suitable normalization, the 
geometry dependence of the strip-yield mode can be removed, and the dimensionless 
form in Equation 2.15 can be obtained. According to Equation 2.15, the two failure 
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extremes (plastic collapse and fracture failure) can be described in a single assessment 
curve which is independent of structural geometry and material properties.  
 
Figure 2.10: Variation of the normalized experimental failure load p
ϕ
 with crack size for titanium 
alloy cylinders at -196 
o
C. [43] 
Figure ‎2.10: Variation of the normalized experimental failure load p
ϕ
 with crack size for titanium 




Figure 2.11: Failure assessment curve by Dowling and Townley with curve fitting of experimental 
data. [43] 
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2.3.3 Modified failure assessment diagram approach 
The failure assessment curve proposed by Dowling and Townley [43] was based on 
curve-fitting and non-conservative with data points lying above the assessment curve 
(Figure 2.11). For practical application of assessment of cracks in actual structures, 
Dowling and Townley [43] suggested a safety factor of two on each axis. To introduce 
conservatism in the approach, Harrison et al. [44] further modified the normalizations to 
produce an interaction diagram by  introducing two additional parameters, rK  and rS . 
The fracture parameter, rK , is defined as the ratio of stress intensity factor to the fracture 
toughness: 
 /r matK K K   (2.17) 
The parameter for plastic collapse, rS , appears as the abscissa and is defined as the ratio 
of applied load to the load that causes plastic collapse of the structure: 
 




   (2.18) 
where F  is the applied load and uF   is the load to cause plastic collapse. In the above 
equation, the solution for plastic collapse load is defined for the flow stress, f , instead 
of the yield stress, Y , or the ultimate stress, u . Equation 2.18 is essentially the same as 
Equation 2.13 except that the ultimate load in Equation 2.13 is defined by the ultimate 
stress. The use of flow stress in defining the plastic collapse load by Harrison et al. [44] 
introduces conservatism relative to Dowling and Townley’s [43] defination of plastic 
collapse load. With the above normalizations, the expression for the failure assessment 
curve becomes:  
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   
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  (2.20) 
The first R6 FAD curve [45] expressed in Equation 2.20, takes the shape shown in 
Figure 2.12. The curve corresponds to the locus of the predicted failure points for 
different combinations of rK  and rS . Although the FAD curve was still premature at that 
time, the two interaction parameters defined by Harrison et al. [44] were adopted in the 
formulation of the later FAD curves, and the basic assessment procedures also remained 
unchanged.    
The simple failure assessment procedures make the FAD approach easy to use. 
The basic idea is to find the locus of the assessment point of a structure and check its 
position relative to the failure assessment curve (Figure ‎2.13). If the assessment point of a 
structure lies inside the area enclosed by the failure assessment curve, the structure is 
considered to be safe. On the contrary, if the assessment point is on or above the failure 
assessment curve, the structure is potentially unsafe. To determine the locus of the 
assessment point, one has to find the values of rK  and rS . Evaluation of rK  requires the 
stress intensity factor solution K  and a measure of fracture toughness. To determine rS  
or rL , one has to determine the plastic collapse solution and the material flow stress for a 
cracked structure. With the knowledge of rK  and rS ( rL ), the integrity of the structure 
can be readily assessed. The loading path in Figure ‎2.13 indicates an increasing crack size 
under increasing loading. If the crack size remains almost unchanged, the loading path 
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should be a straight line before intersection with the assessment curve based on the linear-
elastic assumptions. 
 
Figure 2.12: FAD in the first version of R6. [45] 
Figure ‎2.12: FAD in the first version of R6. 
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2.3.4 Failure assessment hierarchy in BS7910 
2.3.4.1 Introduction 
FAD was first incorporated in the R6 procedures [44-47] and gained wide acceptance 
throughout the years. Clause 7 of BS7910 [1] is devoted to the assessment of structural 
integrity using the FAD method. It includes comprehensive appendices for stress intensity 
factor solutions and determination of the fracture toughness. In addition, it provides 
treatments for special applications, ranging from assessment procedures for tubular joints 
and pressure vessels to significance of the weld strength mismatch.  
In BS7910 [1], there are three assessment procedures, or levels, available for a 
structural integrity assessment. The choice of assessment level depends on both the 
availability of and the confidence in input parameters and the availability of computing 
resources. Complexity increases as the assessment level moves up. 
2.3.4.2 Level 1 — simplified assessment 
Level 1 is a simplified assessment method applicable when the information on material 
properties and the applied stress is limited. At this level, conservative estimates of applied 
stress, residual stress and fracture toughness are employed. The failure assessment curve 
is described by a rectangular box with the extreme values of the abscissa and ordinate of 
0.8 and 0.7 respectively. Thus, conservatism is imposed on both the fracture failure and 
plastic collapse. This concept is similar to the suggestion by Dowling and Townley [43] 
that a safety factor of 2 should be applied on the acceptance curve. The illustrative plot of 
level 1 is shown in Figure 2.14. 
 




Figure 2.14: Level 1 FAD in BS7910. [1] 
Figure ‎2.14: Level 1 FAD in BS7910.  
2.3.4.3 Level 2 — normal assessment 
2.3.4.3.1 Level 2B: material-specific FAD 
Bloom [48, 49] suggested that the failure assessment should be dependent on material 
properties, geometry, loading type, and crack size. At the same time, the J-integral 
solutions for materials with stress-strain properties that can be described by power-law 
plasticity were already available. This enabled Ainsworth [50] to develop the material-
specific curve for strain-hardening materials. 
The power-law plasticity relates the stress,  , and the plastic strain,  , through a 











  (2.21) 
where Y , a, and n are the yielding strain, the multiplying constant in power-law stress-
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means less strain hardening after yielding. With n approaching unity, the material reduces 
to an elastic material.  Kumar et al. [51] showed that the J solution for a material that 















  (2.22) 
where c is the characteristic dimension, 0F  is the normalization load proportional to the 
yield stress, and 1h  is the non-dimensional J-integral value, which is a function of the 
structural geometry, crack size, loading type, and strain hardening component. Figure 
2.15 shows the variation of 1h with the strain hardening component for centre-cracked 
plates of different crack sizes in plane-strain condition. 
 
Figure ‎2.15: Variation of h1 with the strain hardening component for centre-cracked plate in plane-
strain condition. 
Ainsworth [50] observed that the choice of the ultimate collapse load of the 
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significantly reduce the strong variation of 1h  with the strain hardening component n.  
Reasoning that J should be independent of the normalization methods, Ainsworth [50] 
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  (2.23) 
where, to be compatible with the original expression for J, 
'
















  (2.24) 
With the definition of reference stress as: 
 





   (2.25) 

















  (2.26) 
At n = 1, the material is elastic, and if the Poisson’s ratio equals 0.5, stress-strain 






   (2.27) 















  (2.28) 
Equations 2.21, 2.26, 2.27, and 2.28 imply that the ratio of the fully plastic J and elastic J 









   (2.29) 
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where ref  is the reference strain corresponding to the reference stress by Equation 2.21. 
The above reference stress estimation for J was compared with finite element 
solutions for a wide range of geometries, crack sizes and strain hardening components 
[52]. The comparison shows, on average, about 5% conservatism on the load level 
compared to finite element results: the value of J obtained from Equation 2.29 at a load F, 
on average, is equal to that obtained from Equation 2.22 at a load level of 1.05F. To 
account for this, Milne et al. [53] introduced the correction term to account for the elastic 
contribution in the small-scale yielding region, where the reference stress has not reached 













    (2.30) 
This leads to the development of FAD based on reference stress. The plastic collapse ratio 
is no longer defined for flow stress like Equation 2.19, but for yield stress: 
 




   (2.31) 
Equivalently, the ratio can also be expressed in terms of stresses as /r ref YL   . Because 
the solution for the plastic collapse load is proportional to the definition stress (either 
ultimate stress, yield stress, or flow stress), with rS  defined for flow stress and rL  for 







   (2.32) 
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which corresponds to the upper limit of plastic collapse ratio, 1rS  , in the first version 
of FAD derived by  Harrison et al. [44]. The fracture ratio, rK , is the same as that in level 
1. Substitution of the reference stress by ref r YL   in Equation 2.28 and converting J to 















   
 
  (2.34) 
where ref  is the true strain obtained from the uniaxial tensile stress-strain curve at a true 
stress, r YL  , but the use of engineering stress-strain data is allow permissible under  
BS7910 [1]. The shape of level 2B FAD in BS7910 for a typical material is shown in 
Figure ‎2.16. 
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2.3.4.3.2 Level 2A: generalized FAD 
The material specific FAD is not convenient for general application, i.e. the stress-strain 
curve of a material may not be available at the point of assessment. With this concern, the 
generalized FAD was developed. Milne et al. [54] examined a series of level 2B FAD 
assessment curves for steels and showed that it was possible to obtain an empirical fit to 
the data using a single curve, with bias toward the lower bound (Figure 2.17). 
The level 2A FAD provides the assessment curve which could be used when only 
proof and ultimate tensile stresses are known, and is independent of geometries, crack 
sizes, loading conditions and material stress-strain curves. The safe region is given by: 
  r rK f L   (2.35) 
The rL  cut-off is the same as that given in level 2B. The curve fitting equation in Figure 
2.17 is given by: 
      2 61 0.14 0.3 0.7exp 0.65r r rf L L L        (2.36) 
 
Figure 2.17: Comparison of level 2A FAD diagram (curve 6) with level 2B FAD diagrams of various 
materials. [54] 
Figure ‎2.17: Comparison of level 2A FAD diagram (curve 6) with level 2B FAD diagrams of various 
materials. 




5, elastic-perfectly plastic material
6, BS7910 level 2A
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2.3.4.4 Level 3 — ductile tearing assessment 
The level 3 assessment is suitable for materials that exhibit stable ductile tearing. There 
are three assessment curves to be used: level 3A uses the level 2A generalized FAD; level 
3B uses the level 2B FAD which is material-specific; level 3C uses the curve constructed 
by the calculation of J-integral.  
The level 3C J-integral FAD is specific to a particular material, geometry, loading 
condition and crack size, i.e. specific to the structure of interest. The level 3C FAD 
assessment curve is described by the following equation: 
  
0.5
/r eK J J   (2.37) 
For ,maxr rL L , 0rK  . In Equation 2.37, J  and eJ  are the values of J-integral 
obtained from an elastic-plastic analysis and elastic analysis respectively for the same 
load (the load corresponding to the same value of rL ). An accurate true uniaxial stress-
strain curve should be used in the analysis. 
The ductile tearing assessment addresses the fact that many materials exhibit an 
increase in fracture toughness with a stable crack growth, which can be reflected in a 
fracture resistance curve. Speaking of physical phenomenon, an increase in remote 
applied load may produce an extension in the crack length, but the extension is limited 
and reaches a stable value if the load is maintained, then a further increase in applied load 
is required to produce further extension. With the FAD approach, the ductile tearing 
assessment involves evaluating rK  and rL  for a range of crack extensions [55]. To apply 
ductile tearing assessment, the fracture toughness, expressed in either matJ  or mat  should 
be available as a function of the ductile crack extension or tearing, ∆a. The elastic-plastic 
matJ  can be derived from the other two forms of fracture toughness. Each crack extension 
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gives a pair of rK  and rL . The ductile tearing analysis involves plotting all pairs of 
assessment points on the FAD to derive the loci of assessment points. If the loci lie 
completely outside the assessment curve, the original crack with ∆a is unacceptable. If 
the curve connecting the loci crosses the assessment curve, the crack is acceptable. 
Although the structure may experience some ductile tearing, the crack extension will 
finally arrest. 
 As there are three choices of ductile tearing assessment curves stipulated in 
BS7910, the analysis may yield different results with different choices of assessment 
curves. The level 3C assessment curve is considered to be more accurate, due to the fact 
that it is specific to most of the parameters that affects the shape of assessment curve. An 
illustration of possible ductile tearing assessment using level 3A FAD assessment curve is 
shown in Figure ‎2.18. 
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2.3.5 Constraint effects on fracture  
The fracture toughness of a material depends on geometry and size of testing specimens, 
loading conditions, and some other parameters. All these parameters affect the stress 
triaxiality ahead of the crack tip. These effects are called the constraint effects. The study 
on the constraint effects is one of the major topics in fracture mechanics. There have been 
two ASTM conferences dedicated to this topic [56, 57]. An example of constraint effects 
in cleavage fracture of ferric steels is shown in Figure 2.19 as reported by Zerbst et al. 
[58]. At the same temperature, the low constraint M(T) specimens show much higher 
fracture resistances than those of the high constraint C(T) specimens.  
 
Figure 2.19: Influence of specimen size, specimen geometry, and test temperature on cleavage 
fracture toughness. [58] 
Figure ‎2.19: Influence of specimen size, specimen geometry, and test temperature on cleavage 
fracture toughness.  
The determination of fracture toughness under high constraint condition leads to 
lower bound values. The fracture toughness testing standards are designed to measure the 
lower bound of the fracture resistance of a material. To partially offset the over-
conservatism caused by the high constraint fracture testing, there has been a wide interest 
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to account for the dependence of fracture toughness on geometry. Cardew et al. [59] 
described the elastic T-stress as a constraint parameter. Betegon and Hancock [18] argued 
that the T-stress can be a crack tip constraint quantification parameter for elastic-plastic 
conditions, although it is obtained from linear-elastic analysis. The effects of T-stress on 
some test specimens of different geometries and crack sizes is shown in Figure 2.20 as 
reported by Hancock et al. [60]. O'Dowd and Shih [61, 62] suggested the Q-stress as a 
constraint parameter for a material that can be described by the power-law plasticity by 
Kumar et al. [51]. 
The constraint modification for FAD based on the elastic T-stress is discussed 
here. The T-stress modification scheme was introduced by Ainsworth [63]. The T-stress is 
normalized against yield stress and the plastic collapse ratio, which leads to a non-







   (2.38) 
The variations of the fracture toughness for some test specimens with the 
normalized elastic constraint parameter are shown in Figure 2.21. The fracture mechanics 
specimens include the single edge cracked bend, SEC(B), specimen, the SE(B) or three 
point bend, 3P(B) specimen, the single edge cracked tension, SE(T) specimen, the 
compact tension, C(T), specimen, the double edge cracked tension, DE(T), specimen, and 
the middle cracked tension, M(T), specimen. Denoting the fracture toughness measure 
from high constraint fracture testing as matK , the constraint-modified fracture toughness, 
c
matK , can be related to matK  as: 
  1
pc
mat mat c T rK K L    
  (2.39) 
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where the function ca  describes the elevation of fracture toughness with  0 0ca  . For 
ductile tearing, Ainsworth [63] showed that, for the data in Figure 2.20, a linear fit with 
1ca   and 1p   could provide a reasonably good fit to toughness data, although a 
slightly better fit can be obtained with 1ca   and  2p  . 
 
Figure 2.20: Ductile fracture toughness data as a function of T-stress. [60] 
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Figure 2.21: Normalized constraint parameter for various fracture specimens. [60] 
Figure ‎2.21: Normalized constraint parameter for various fracture specimens. 
2.3.6 Recent major updates in structural integrity assessment 
By early 2000s, several procures have been developed to allow the fitness-for-service 
(FFS) of flaws to be evaluated consistently and objectively using fracture mechanics 
principles. These include R6 [45], API579 [64], BS7910 [1], and SINTAP [65], but they 
tend to be aimed at a particular industry sector, or a single failure mode, or are national 
documents. The European FFS network started in February 2002 to address this issue. 
The four-year network reviewed existing FFS procedures and developed an updated, 
unified, and verified European FITNET FFS procedure [66] to cover structural integrity 
analysis to avoid failures due to fracture, fatigue, creep, and corrosion. Failure assessment 
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2.4 Tubular joints 
2.4.1 Introduction 
Tubular hollow sections have been widely used as modern constructional forms. Circular 
hollow sections are most often found in offshore structures. Rectangular and square 
hollow sections are more common in onshore structures. Other types of hollow sections 
can also be found in buildings, bridges and equipment. The notations for joint dimensions 
and the non-dimensional parameters are shown in Figure ‎2.22 and Table ‎2.4. In the past 
50 years, there have been continuous efforts in understanding the strength and behavior of 
tubular joints. In the earlier days, the work involves analytical and experimental 
approaches. With the advances in and availability of computers, numerical simulations 
gained more popularity. 
2.4.2 Joint classification 
Under API RP 2A [67],  joints may be classified as K- T- Y- or X-joints according to 
their configurations and load patterns. To be classified as a K-joint, the punching load in a 
brace should be essentially balanced by loads on other braces in the same plane on the 
same side of the joint. In T- and Y-joints, the punching load is resisted by the shear force 
in the chord. In X-joints, the punching load is carried through the chord to braces on the 
opposite side. There are also other types of joints. Figure ‎2.23 presents the common types 
of joints. 
2.4.3 Basic issues regarding tubular joints 
The subject of much early research on tubular joints, with most emphasis on CHS joints, 
has concentrated on the core issues for conventional tubular joints. The three fundamental 
issues include: 
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 definition of ultimate strength; 
 ultimate strength under the individual and combined actions of punching shear, N, 
in-plane bending moment , Mipb, and out-of-plane bending moment , Mopb; 
 effects of chord pre-stress (axial force and bending moment in the chord). 
 
Figure ‎2.22: Notations for the dimensions of tubular joints. 
Table ‎2.4: Non-dimensional parameters for hollow section joints. 
Parameter Description 
α Chord length to radius ratio, 2l0/d0 
β Brace to chord diameter ratio, d1/d0 
γ Chord diameter to wall thickness ratio d0/2t0 
τ Brace to chord wall thickness ratio t1/ t0 
θ In-plane angle between the brace and chord 
g/t0 Gap to chord thickness ratio ( for K-joint) 
 
2.4.4 Definition of ultimate strength 
In general, a joint can be considered to have failed if a maximum load is reached or 
certain parts of the structures deform excessively attaining the deformation limit. Failures 
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brace is in compression, the joint can fail by buckling of the chord wall [68]. With tension 
braces there is a possibility of ductile fracture in or near the welds, as reported by 
Kurobane et al. [69]. Under other circumstances, large deformation can occur before the 
peak load is reached.  In such cases, a deformation limit is usually adopted to define the 
ultimate strength. 
Typical load-deflection curves of joints are summarized by Makino et al. [70] in 
Figure 2.24. The four curves are characterized by a yield strength point, a crack initiation 
pint, a deformation limit and an ultimate strength. The ultimate strength of a joint in the 
curves in Figure 2.24 is defined as the least of the following: 
 Peak load (where the curve has a pronounced maximum before reaching 
deformation limit, curves b and c). 
 Load at the point where the stiffness is at the minimum before increasing again 
(curve d). 
 Load at which the deformation limit is reached (curve a). 
Curve (a) is typical for braces loaded in tension, where deformation can be very large. 
Curve (b) is typical for braces loaded in compression, where local buckling occurs in the 
wall of the chord member. Curves (c) and (d) are the characteristics of cases of applied 
moment or combined loading of axial load and moment. 
 Yura et al. [71] proposed a deformation limit for CHS joints, but the method was 
not commonly used. An often adopted definition is Lu’s deformation limit [72], which 
may be used to evaluate the axial capacity of a joint under brace axial loading or the 
rotational capacity of a joint subjected to moment loading. From experimental and 
numerical load-displacement curves, Lu et al. [72] found that for the connection where a 
peak load is reached, a corresponding local indentation of the chord face at the 
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intersection varies between 2.5% ~ 4% d0, and hence proposed that a local deformation 
limit of 3% d0 at the intersection of chord face could be used as the ultimate deformation 
limit. Choo et al. [73] demonstrated that Lu’s deformation limit [72] yields a similar 
strength definition as the plastic energy approach.   
The applicability of this limit is validated in the same paper [72] for CHS and 
Rectangular Hollow Section (RHS) joints and later by Zhao [74] for cold-formed RHS T-
joints. Under this deformation Limit, the joint strength may be the first peak load, or 
governed by the serviceability strength, Ps or the ultimate strength Pu. The ultimate joint 
strength is: 
 the first peak in the load-deformation diagram if the corresponding deformation is 
smaller than the deformation limit, Δu = 0.03d0, 
 the serviceability strength, Ps, which corresponds to serviceability deformation 
limit Δs 0.01d0, if no pronounced peak load is found within Δu and Pu /Ps < 1.5, 
 the ultimate strength, Pu, which corresponds to a chord indentation, Δu = 0.03d0, if 
no pronounced peak load is found within Δu and Pu /Ps > 1.5. 
Lu et al. [72] concluded that for connections with CHS chord, the values of the ratio of 
Nu/Ns are always less than 1.5, and hence the ultimate load governs. For connections with 
RHS chord, the values of Nu/Ns are sometimes greater than 1.5, which means that the 
serviceability strength will be critical. 
2.4.5 Research on tubular joints with cracks and fracture of tubular joints 
With a large pool of experimental and numerical database, the behaviour of tubular joints 
under plastic collapse can be well predicted. However, much less research has been done 
on tubular joints with cracks. The study on the competition between the plastic collapse 
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and brittle fracture of tubular joints still needs the establishment of a sufficient 
experimental database. ‎Chapter 5 will cover this part in more details. 
 
Figure ‎2.23: Types of hollow section joints. 
 
Figure 2.24: Schematic load-deformation curves of tubular joints. [70] 
Figure ‎2.24: Schematic load-deformation curves of tubular joints.  
                                                                                                  ‎Chapter 2 Literature Review 
50 
 
2.5 Metallurgy of carbon steel 
2.5.1 Introduction 
Metals are the most important engineering materials. Steel, with the largest tonnage 
among metals, is one of the most common materials in the world. Steel is heavily used in 
various industries, such as buildings, ships, automobiles, machines, etc. The composition, 
shaping history and heat treatment affect tremendously the microstructure of steel. The 
application of steel is concerned with its mechanical properties, which are strongly 
influenced by the microstructure of steel. The knowledge of steel metallurgy helps to co-
relate the microstructure with the mechanical behaviour of steel. Steels can be divided 
into two main categories: plain carbon steels and alloy steels. A plain carbon steel 
consists of iron, carbon, manganese and a variety of residual elements. These residual 
elements come from either the raw materials used in the production process or the 
elements that are added to facilitate the production process. If one or more additional 
elements are deliberately added to obtain a desired alloying effect then the product is an 
alloy steel, and the added elements are called alloying elements. The discussions here 
restrict to fundamental knowledge of plain carbon steel which is used to fabricate the 
specimens for the experimental program. 
2.5.2 Steel and the Fe-C phase diagram 
The core of steelmaking process involves dissolving carbon (C) into iron (Fe). The best 
way to understand the plain carbon steel is to study the Fe-C phase diagram. Assuming 
the transformation is formed at a slow heating and cooling rate, the phase transformation 
of steel versus temperature (phase diagram) can be predicted by the diagram depicted in 
Figure 2.25. which is adopted from Callister’s book [75]. 




Figure 2.25: Portion of Fe-C phase diagram for plain carbon steel. [75] 
Figure ‎2.25: Portion of Fe-C phase diagram for plain carbon steel. 
 
There are different Fe-C phases at different carbon weight percentages and 
temperatures. The alpha ferrite, short-termed as α (α Fe), is the body centred cubic 
solution of carbon in iron that exists in the low temperature ranges. The carbon solubility 
in ferrite depends on the temperature, with the maximum being 0.022% at 727 
o
C. If iron 
is heated to 912 
o
C, all the crystal structure changes from body centred cubic solution to 
the face centred solution called the Austenite or the Gamma Iron (γ Fe). Austenite can 
dissolve up to 2.14% carbon. For temperatures between 727 
o
C and 912 
o
C, there is a 
mixture of α-iron and γ-iron. Cementite is a compound iron and carbon, which has the 
chemical element formula Fe3C corresponding to a carbon weight percent of 6.7%.  
Pearlite consists of alternating layers of ferrite and cementite in a single grain. It is stable 
at temperatures below 727 
o
C. 
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The optical microscope is an important tool to study the internal grain structures 
of steels. The appearance of ferrite, austenite, and cementite grains under optical 
microscope is white, while pearlite shows dark colour compared with the former three 
types of grains. Figure 2.26 shows an optical microscopic image of pearlite in a furnace-
cooled Fe-0.75C alloy at 500 times magnification [76]. 
 
Figure 2.26: Pearlite in a furnace-cooled Fe-0.75C alloy at 500x magnification. [76] 
Figure ‎2.26: Pearlite in a furnace-cooled Fe-0.75C alloy at 500x magnification. 
 
2.5.3 Heat treating practices 
The mechanical properties of a steel depend heavily on its microstructure. If the 
microstructure of the steel does not satisfy what is desired for its application or the next 
process that is to be performed on it, heat treatment can be sorted to alter the 
microstructure. Several commonly used heat treatment techniques are discussed here. 
Normalization involves heating the steel above the upper critical temperature then cooling 
in air environment. The normalization process helps to soften and relieve internal stresses 
after cold work and to refine the grain size and metallurgical structure. Annealing is very 
similar to normalization, except that it is conducted at a slow cooling rate to allow the 
microstructure to form by the transformation of the austenite near 730 
o
C. On the other 
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hand, when the hardness is the desired property, quench and temper can be performed. In 
the quench process, the rapid cooling of steels from above the transformation temperature 
produces martensite. The quench process produces very hard steels, but also makes the 
steel brittle and causes internal stresses. The internal stresses can be reduced and the 
toughness can be increased by tempering, which involves heating a steel usually between 
205 to 595 
o
C, depending on the desired results. The amount of reduction in hardness as a 
result of tempering is a function of the tempering temperature. 
2.6 Lamellar tearing 
2.6.1 Introduction 
Lamellar tearing refers to a special type of fracture that runs parallel to the rolling 
direction of the parent plate under the welds. Figure ‎2.27 and Figure 2.28 shows the 
typical location and appearance of lamellar tearing, respectively. Lamellar tearing 
presents some unique appearance and surface features that make it easily distinguishable 
from other types of cracking and weld defects. The tearing is always in the base metal. 
The location of lamellar tearing lies more often within or close to the heat affected zone. 
It can also be remote from the weld but to a lesser extent. The individual tears appear to 
be straight lines parallel to the direction of rolling of the plate. The adjacent tears at 
different elevations in the through-thickness direction (Z-direction in the literature) are 
joined together to form longitudinal terraces when viewed from the cross-section (Figure 
2.28). The surface of lamellar tearing is fibrous or woody in appearance with steps or 
shear walls between terraces approximately normal to the plate surface.    
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2.6.2 Mechanism of lamellar tearing 
Three distinct phases occur in the event of lamellar tearing [77]. The first phase is the 
formation of voids in the micro level. The formation is attributed to de-cohesion or 
fracture of single elongated non-metallic inclusions or multiple inclusions that are parallel 
to the rolling plane of the plate. The stress for the initial de-cohesion is believed to be in 
the elastic range and depends on the type, shape and distribution of inclusions and the 
properties of the steel matrix. The second phase involves extending and joining of the 
voids by means of necking or microvoid coalescence to form terraces under plastic stress 
condition. The final stage of lamellar tearing is the link-up of terraces on different levels 
by ductile shearing of the vertical walls between the terraces which form step-like shear 
walls. Figure 2.29 illustrates the different stages of lamellar tearing. 
2.6.3 Factors contributing to lamellar tearing 
The factors contributing to lamellar tearing include the joint design, loading conditions, 
welding and fabrication procedures, and the through-thickness properties of steel. Joints 
designed with large single-sided welds cause un-symmetric strains that concentrate on 
one side of the welds [77]. Structural components that are fabricated from thick and/or 
curved plates raise the level of constraints that permit the development of high through-
thickness strains. Over design of welds increases weld shrinkage strains. In addition, the 
smaller the size of the weld bead, the more the required passes and the higher the weld 
shrinkage strains. Rolled steel plates exhibit anisotropic mechanical properties. Rolling 
operations flatten inclusions and may modify the metallurgical structure of the steel. The 
major mechanical property associated with lamellar tearing is the ductility in the Z-
direction. 




Figure 2.27: Location of lamellar tearing. [77] 
Figure ‎2.27: Location of lamellar tearing. 
 
Figure 2.28: Appearance of lamellar tearing. [77] 
Figure ‎2.28: Appearance of lamellar tearing. 
 
 
Figure 2.29: Mechanism of lamellar tearing. [77] 
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Chapter 3 Material Properties Tests 
3.1 Introduction 
The information on the mechanical properties of a material with sufficient accuracy is 
paramount for design, fabrication, and construction of engineering components and 
structures. The mechanical properties concern about how a material deforms or breaks as 
a function of the applied load, time, temperature, and other conditions. The mechanical 
behaviour of a material can be described by the stress-strain curve. The important 
material properties that can be obtained from the stress-strain curve include the tensile 
strength, yield strength, and Young’s modulus of elasticity. Another important property is 
the ductility, which is the ability of the material to deform plastically under tension or 
shear. The ductility is usually measured indirectly as the percentage elongation and the 
reduction of area from tensile tests. When a crack or cracks are involved, the fracture 
toughness data are vital for understanding and predicting the response of a structure.   
This chapter first presents the tensile tests and fracture tests for X-joint series 
fabricated using the Partial Joint Penetration Plus (PJP+) welds [78], then covers the tests 
for a thick-walled X-joint fabricated using high strength steels and complete joint 
penetration welds. The tests of material properties in this chapter involve three PJP+ 
joints, namely J1-1F, J1X-F, and J1-2F, and the high strength steel X-joint, XN1. The X-
joints have been fatigue cracked and then tested to examine the behaviour under ultimate 
load condition. The failure modes for J1-1F, J1X-F, J1-2F, and XN1 are fracture in the 
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brace, fracture by lamellar splitting in the chord, plastic collapse, and fracture in the chord, 
respectively. For joints with fracture failure, both tensile coupon tests and fracture 
resistance tests are conducted. For J1-2F, whose failure mode is plastic collapse, the 
material property tests only involve the tensile coupon tests. ‎Chapter 5 will present 
detailed experimental procedures and results for the PJP+ X-joints and the high strength 
steel X-joint. The material for the PJP+ X-joint series are of grade S355, which has a 
nominal yield strength of 355 MPa. The material for the main member of the X-joint, 
termed as the chord, is a thermo-mechanically controlled processed (TMCP) steel. The 
material for the thick-walled X-joint are of grade S690, which has a nominal strength of 
690 MPa.  
3.2 Tensile coupon tests for PJP+ X-joints 
3.2.1 Tensile coupon tests for J1-1F 
The tensile coupons for J1-1F are cut from the tested X-joint, J1-1F. Figure ‎3.1 illustrates 
the experimental setup for the residual strength test of J1-1F. The material for the 
fabrication of tensile coupons is taken from the regions that are far away from the brace-
to-chord intersection where large plastic deformations have taken place during the 
residual strength test. This is to make sure that the material behaviour for the X-joint 
would not be misrepresented by testing the already plastically deformed material. The 
regions that are marked by the square brackets in Figure ‎3.1 indicate the material to be 
extracted. 




Figure ‎3.1: Experimental setup for the residual strength test of the X-joint J1-1F. 
The fabrication of tensile coupon specimens keeps the original curvatures of the 
pipes/plates. In addition, the thickness of the specimens follows the original thickness of 
the plates. The outer diameters of the chord and the brace are 750 mm and 406 mm, 
respectively. The chord and the brace have a thickness of 25 mm and 12.5 mm, 
respectively. The axis of the tensile specimens follows the longitudinal direction of the 
pipes/plates. The specimen dimensions meet the specifications stated in ASTM E8M [79], 
which is devoted for tensile testing of metallic materials. Figure ‎3.2 and Figure ‎3.3 show 
the details of the tensile specimens, where all the dimensions are in millimetres (mm). 
The preparation of specimen first involves grinding of the reduced section to 
produce smooth surfaces that are suitable for pasting strain gauges. The use of acetone 
then cleans the surfaces. After that, post yield strain gauges are attached to both the inner 
and outer surfaces of the parent plate at the centre of the reduced section which has a 
length of 60 mm. At very large deformations, the strain gauges could fail and break. In 
addition to post yield strain gauges, an extensometer, with a gauge length of 50 mm, is 
mounted on the reduced section. The extensometer has a maximum positive axial travel 
of 25 mm, or equivalently 50% strain, which is sufficient for testing the steel material. 
The knife edges are clipped on the short transverse surfaces, as shown in Figure ‎3.4. The 
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loading rate is controlled at 0.1 mm/min before yielding. ASTM E8M [79] specifies the 
rate of stress application in a range of 1.15 to 11.5 MPa/s for determining yield properties. 
Assuming a Young’s modulus of elasticity of 200 GPa and the deformation of the tensile 
specimen occurred primarily in the reduced section of 60 mm in length, the displacement 
controlled testing rate of 0.1 mm/min would be equivalent to a rate of stress of 5.6 MPa/s, 
which is within the recommended range. After the recordings have registered obvious 
yielding, the speed of the test is gradually increased to 0.5 mm/min. ASTM E8M [79] 
recommends a rate of strain to be between 0.05 and 0.5 m/m of the length of the reduced 
section per minute for determining the tensile strength. With a reduced section of 60 mm 
in length, the corresponding rate of displacement required would be in the range of 3 
mm/min and 30 mm/min. This rate of displacement would be too fast for the data logger 
to capture sufficient data. The acquisition rate limit of the data logger is about 2 seconds. 
Three duplicates of tensile specimens are made for the brace and two for the chord. 
The grinding during preparation of specimen causes the actual size of the duplicates to 
differ slightly from each other. Table ‎3.1 summarizes test results that are related to the 
ductility of the materials for J1-1F. The initial length of the section, marked by the gauge 
length, 0l , elongates and breaks/fractures at a final length of fl . The percentage of total 
elongation is an indicator of the material’s ductility, which is defined in Equation 3.1. For 
some materials, the reduced section experiences necking as shown in Figure ‎3.5, and at 
fracture the necking region has reduced the original cross sectional area, 0A , to an area of 
fA . The reduction of area, defined in Equation 3.2, is another often referenced indicator 
of ductility. The results for both total elongation and reductions of area agree well for 
different specimens. The averaged total elongation and reduction of area for the brace 
material were 33.9% and 64.3%, respectively. These two parameters for the chord 
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material were 46.8% and 76.6%, respectively, both of which are higher than those for the 
brace. The failure of the chord tensile specimen J1-1F-C2 is longitudinal delamination 
(Figure ‎3.6) instead of the usual rupture that separated the tensile specimens into two. 
Measurement on reduction of area for J1-1F-C2 is based on the addition of the three 

















   (3.2) 
 
Figure ‎3.2: Specifications of tensile coupons for J1-1F brace. 
 
Figure ‎3.3: Specifications of tensile coupons for J1-1F chord. 
Units: mm 
 Units: mm 




Figure ‎3.4: Strain gauges and extensometer for tensile coupon test for J1-1F. 
Table ‎3.1: Summary of total elongation and reduction of area for J1-1F. 




) EL% RA% From 
J1-1F-B1 50 67.25 152.07 54.44 34.5 64.2 Brace 
J1-1F-B2 50 66.76 151.59 54.07 33.5 64.3 Brace 
J1-1F-B3 50 66.88 150.98 55.22 33.7 63.4 Brace 
J1-1F-C1 50 74.20 301.10 68.52 48.4 77.2 Chord 
  J1-1F-C2* 50 72.62 308.20 75.62 45.2 75.5 Chord 
 
 
Figure ‎3.5: Necking of the tensile specimen for the chord of J1-1F. 
 
Figure ‎3.6: Longitudinal delamination crack in the tensile specimen for the chord of J1-1F. 
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Figure ‎3.7 shows the stress-strain diagrams for the brace material of J1-1F. The 
true stress-strain diagram in Figure ‎3.7 is also plotted up to rupture of the coupon 
specimen. Beyond necking, only one accurate data point can be obtained, which is the 
point for rupture of the specimen as the actual area can be measured only after rupture 
with the current experimental setup. Prior to necking, the true stress, t , can be related to 
the engineering stress, n , through the following equation: 
  1t n n      (3.3) 
where n  is calculated based on the original/un-deformed area of the reduced section., 
and n  is the measured engineering strain by strain gauges on the material surface or by 
the extensometer. The true strain, t , can be converted from the nominal strain by 
Equation 3.4: 
  ln 1t n     (3.4) 
The true stress-strain relationship after necking could be obtained by interpolation, 
though not strictly accurate. The true strain can also be equivalently expressed as:  
  0ln /t l l    (3.5) 
where l  is the current length. Assuming conservation of volume of the material after 
necking, the true strain becomes:  
  0ln /t A A    (3.6) 
where A is the current cross sectional area. For the brace material, the reduction of area 
was 64.3%, which gives a true strain of 1.03. The true stress at rupture is obtained by 
dividing the applied force prior to fracture by the final cross sectional area, Af. The 
interpolation for cross sectional area based on the engineering strain at necking and 
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rupture extends the true stress strain curve after necking to rupture, as shown in 
Figure ‎3.7. 
Figure ‎3.8 shows the stress-strain diagrams for the tensile coupon specimens for 
the chord of J1-1F. The chord shows higher yield stress, ultimate tensile strength, and 
fracture strain compared to those for the brace. The true stress-strain diagram in 
Figure ‎3.8 includes data up to necking. The chord tensile specimen has a reduction of area 
of 77.2%, and based on Equation 3.6, the corresponding true strain is 1.48. The true stress 
at fracture is calculated in the same way as that for the brace in Figure ‎3.7 with a value of 
1274 MPa.  
Table ‎3.2 summarizes key mechanical properties for J1-1F, including the Young’s 
modulus of elasticity, the 0.2% offset yield stress, and the ultimate tensile strength. The 
results indicates that the brace and the chord are of different steel. 
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Figure ‎3.8: Stress-strain diagrams for the chord material of J1-1F. 
Table ‎3.2: Key mechanical properties obtained from stress-strain diagram for J1-1F. 
 E (GPa) 0.2% Y  (MPa) u   (MPa) 
Chord 200 425 535 
Brace 203 345 418 
 
3.2.2 Tensile coupon tests for J1X-F 
3.2.2.1 Tensile coupon tests in the rolling direction 
The dimensions of the members of the joint J1X-F are the same as the joint J1-1F 
presented in Figure ‎3.1. The chord member has a thickness of 25 mm and an outer 
diameter of 750 mm, while the brace with a thickness of 12.5 mm and an outer diameter 
of 406 mm. The differences between the two joints lie in the treatment for the welds and 
the fatigue cracked profile. The materials for fabrication of tensile coupon specimens are 
again extracted from the regions that are sufficiently away from the brace-to-chord 
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Table ‎3.3 shows the tensile data that can be measured directly by clippers. The area of 
reductions is consistently above 70% for both the brace and the chord. The total 
elongation for the chord, however, is considerably higher than that for the brace. The 
brace tensile specimens have an averaged total elongation of 33.3%, while those for the 
chord have 43.7%. The chord tensile coupons again show longitudinal delamination that 
ran parallel to the rolling direction of the plate. Figure ‎3.9 shows the delamination of the 
chord tensile coupon specimen J1X-F-C1. The single delamination occurs at the middle 
thickness of the specimen. The specimen is not tested to rupture to preserve the feature of 
the delamination cracking of tensile specimens in one piece. Figure ‎3.10 shows another 
tensile coupon specimen for the chord, named as J1X-F-C2, which has two delaminations 
that split the necking region into three sections. The upper picture in the figure shows that 
the two sections on the right have already broken into two before the complete separation 
of the upper half and lower half of the tensile specimen.  
 Figure ‎3.11and Figure ‎3.12 present the stress-strain relationships obtained from 
the tensile coupon tests. The true stress-train diagrams are plotted up to necking point of 
the specimen which corresponds to the point where the applied force is at its maximum. 
The true stress-strain relationship beyond necking can be obtained in the same method 
described in Section ‎3.2.1, with interpolations between the stress-strain data point at 
necking and the point at rupture. 
 Table ‎3.4 presents the key mechanical properties for J1X-F, including the 
Young’s modulus of elasticity, the 0.2% offset yield stress, and the ultimate tensile 
strength. The differences in mechanical properties between the chord and brace are 
mainly due to different steels were used for fabrication. The steel for the brace is normal 
steel grade S355, while that for the chord is by thermo mechanical control process. 
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Table ‎3.3: Summary of total elongation and area of reduction for J1X-F. 




) EL% RA% From 
J1X-F-B1 50 66.46 142.59 38.75 32.9 72.8 Brace 
J1X-F-B2 50 66.22 145.49 37.29 32.4 74.4 Brace 
J1X-F-B3 50 67.33 145.83 39.53 34.7 72.9 Brace 
 J1X-F-C1* 50 70.61 302.21 92.04 41.2 69.5 Chord 
J1X-F-C2 50 72.62 308.74 72.21 45.2 76.6 Chord 
J1X-F-C3 50 72.37 304.67 72.67 44.7 76.1 Chord 
 Note:  EL% is elongation by percentage; 
  RA% is reduction of area by percentage. 
 
Figure ‎3.9: Centreline delamination of tensile coupon specimen J1X-F-C1.  
 
 
Figure ‎3.10: Longitudinal delamination of tensile coupon specimen J1X-F-C2. 
25 mm 




Figure ‎3.11: Stress-strain diagrams for the brace material of J1X-F. 
 
Figure ‎3.12: Stress-strain diagrams for the chord material of J1X-F. 
Table ‎3.4: Key mechanical properties obtained from the stress-strain diagram for J1X-F. 
 E (GPa) 0.2% σY (MPa) σu (MPa) 
Chord 203 420 544 
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3.2.2.2 Tensile coupon tests in the through- thickness direction of the chord 
Due to the delamination cracks that occur in the tensile coupons tested along the rolling 
direction and the lamellar splitting phenomenon in the large-scale joint test, through-
thickness tensile coupons are designed to investigate the mechanical properties of the 
chord material in the through-thickness direction. The thickness of the chord material, 
which is only 25 mm, eliminated the possibility of making a regular-sized tensile coupon 
specimen in the through-thickness direction. Prolongations are needed to extend the 
length of the material available for machining (refer to Figure ‎3.13 and Figure ‎3.14). The 
connection between the prolongations and the chord material shall be achieved by 
welding. Figure ‎3.13 illustrates one of the options to fabricate a through-thickness tensile 
coupon specimen for the chord material. The welding is done on the plate surfaces of the 
chord, and the reduced section consists mainly of the chord material aligned in the 
through-thickness direction. This design allows the specimen to be tested with the 
available testing equipment in the lab. However, the drawback of this design is that the 
reduced section is too short to mount the standard extensometer which has a gauge length 
of 50 mm.  
The improved design extends the reduced section of the through-thickness 
specimen so that the strain readings can also be obtained from the extensometer in 
addition to the strain gauges. ASTM A770M [7] is referred to when determining the 
dimensions of the through-thickness tensile specimens. Figure ‎3.14 and Figure ‎3.15 
illustrate the detailed process of fabrication. First, the prolongations are welded to the 
plate surfaces of the chord. The prolongations (material P2) are also extracted from the 
same chord but orientated in a different direction. When stretched in tension, the chord 
material at the middle section of the tensile specimen (material Z3) would be in the 
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through-thickness direction, while the prolongations were in the usual rolling direction 
which is the same as the normal tensile coupon test. The design of the welds aims at 
minimizing residual stresses. Following the welding of the prolongations to the plate 
surfaces, the samples are machined into the desired dimensions. Figure ‎3.16 shows the 
final dimensions for the through-thickness tensile coupons. The reduced section has a 
diameter of 9 mm and a length of 55 mm. 
For the joint J1X-F, the experimental program targets at fabricating six through-
thickness tensile specimens. Unfortunately, the first run of fabrication introduces flaws in 
the weld for the through-thickness tensile specimens. The specimen in Figure ‎3.17 shows 
lack of fusion of about 1 mm in diameter that goes through the reduced section at the 
weld root for both of the welds. The contactor proposes to widen the weld root as a 
remedy, and six specimens without visible lack of fusion are delivered in the second run. 
These six specimens are called the first batch. The specimens are then tested under 
uniaxial tension. Although there are no apparent weld flaws on the exterior, five through-
thickness specimens failed at the interface of the weld and the parent material after 
yielding. According to ASTM A770M [7], failures at the weld should be deemed as 
invalid. The results from these four specimens are discarded, except the Young’s modulus 
of elasticity and yield stress, which could still serve as reference data for the valid 
through-thickness tensile tests.  
The six through-thickness tensile specimens result in one valid through-thickness 
tensile test, as only one though-thickness tensile specimen breaks in the through-thickness 
material and the other five break in the interface between the weld and the base metal. 
Figure ‎3.18 shows the only specimen with a valid test that failed in between the welds. 
The specimen, although orientated in the through-thickness direction, still shows good 
reduction of area, and the shape of necking resembles that for ductile materials. Lack of 
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fusion, as indicated by an arrow in Figure ‎3.18, can still be observed in the tested 
specimen. 
Figure ‎3.19 shows the stress-strain relationship obtained from the valid tensile test 
in the through-thickness direction (TZ). The same property for the rolling direction (TX) 
is also plotted in the same figure. The yield stress in the through-thickness direction is 
considerably higher than that in the rolling direction. In addition, the through-thickness 
tensile test data exhibit a well-defined yield plateau, while those for the rolling direction 
do not, which is an indication of anisotropy. The ultimate stress, however, in the two 
directions are roughly the same. The total elongation for the through-thickness coupon is 
less than half of that in the rolling direction, but the total elongation includes the 
elongation of the welds and the prolongations that are within the clips of the extensometer. 
Table ‎3.5 summarizes the modulus of elasticity, 0.2% offset yield stress, and the ultimate 
stress in both directions of the tensile tests. The 0.2% offset yield stress in TZ is about 10% 
higher than that in TX, while the ultimate stress values for the two are close. The stress-
strain data measured by the strain gauge remain close to the extensometer prior to the 
ultimate stress. The strain gauge is affixed onto the material surface within the 25 mm of 
the through-thickness material. The deviation of the data by the strain gauge and the 
extensometer after ultimate stress imply that the plastic deformation mainly occurs in the 
through-thickness material. This is because the extensometer measures deformation over 
its gauge length of 50 mm while the strain gauge measures deformation over its gauge 
length of 10 mm. For measurement in TX, the extensometer and the strain gauges give 
almost identical results. 




Figure ‎3.13: Through-thickness tensile coupon specimen for the chord of J1X-F with short reduced 
section. 
 
Figure ‎3.14: Prolongations and weld details of the through-thickness tensile coupon specimen. 
 
Figure ‎3.15: Machining details of the through-thickness tensile coupon specimen. 
Units: mm 
Units: mm 




Figure ‎3.16: Detailed dimensions of the through-thickness tensile coupon specimens. 
 
Figure ‎3.17: Lack of fusion in the first run of the first batch of through-thickness tensile specimens. 
 
Figure ‎3.18: A valid through-thickness tensile test. 
 




























TZ strain gauge 
Units: mm 
Ø9 Ø21 
Lack of fusion 
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Table ‎3.5: Key tensile data in the rolling direction and through-thickness direction of J1X-F chord. 
 E (GPa) 0.2% σY (MPa) σu (MPa) 
TX 203 420 544 
TZ 205 470 550 
 
To avoid the failure in the weld fusion zone, which is similar to testing the 
strength of the weld, a second batch of through-thickness tensile specimens are designed 
and fabricated. The modified through-thickness tensile specimens differ from the standard 
ones in ASTM A770M [7] with the introduction of a second reduced section. Figure ‎3.20 
shows the dimensions for the second batch. The cross-sectional area of the second 
reduced section is less than half of that of the first reduced section. With a second reduced 
section in between the welds, the failure is bound to occur within the second reduced 
section. As mentioned in the description for the test results of the first batch of the 
through-thickness specimens, the failure in the weld is after yielding. The material within 
the second reduced section has to sustain an engineering stress of 1057 MPa for the first 
reduced section to reach the yield stress of 470 MPa based on the ratio of the cross-
sectional areas, which is far above the ultimate stress of 550 MPa. Figure ‎3.21 shows the 
actual specimens fabricated based on the specification in Figure ‎3.20. The fabrication 
introduced severe flaws in the specimens. The arrow in Figure ‎3.21 points to the 
misalignment in the second reduced section at a distance of 6 mm from the end of the first 
reduced section. The misalignment caused the axis of revolution to shift by about 0.3 mm. 
As a result, all three specimens in the second batch fail at the point where the 
misalignment is introduced (Figure ‎3.22). Nonetheless, the failure lies in the target 
material that orientates in the through-thickness direction, and the test results still provide 
valuable information. Figure ‎3.23 shows the stress-strain data obtained from the modified 
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through-thickness tensile tests. The modified through-thickness specimens exhibit similar 
stress-strain behaviour up to the yield plateau, i.e., the Young’s modulus of elasticity and 
the yield stress values are similar to those of the first batch of through-thickness 
specimens. In addition, the reduction of area, which serves as an important reference 
parameter for a material’s ductility, agrees well for the two batches of through-thickness 
specimens with different designs. The reduction of area in the through-thickness direction 
is very close to that in the rolling direction, both exceeding 74%. Table ‎3.6 summarizes 
and compares the key results in both directions. The missing values in the table for batch 
2 TZ specimens are due to the misalignment that make this values not representative.  
 
Units: mm 
Figure ‎3.20: Modified through-thickness tensile specimen for J1X-F chord. 
 
Figure ‎3.21: Second batch through-thickness tensile specimens. 
 
Figure ‎3.22: Ruptured second batch through-thickness tensile specimens. 




Figure ‎3.23: Stress-strain relationship of the second batch of through-thickness tensile specimens. 












Rolling direction 203 420 544 0.44 77 
Through-thickness 
direction (batch 1) 
205 470 550 0.18 75 
Through-thickness 
direction (batch 2) 





3.2.3 Tensile coupon tests for J1-2F 
The dimensions of the members of the joint J1-2F are the same as the joint J1-1F 
presented in Figure ‎3.1. The chord member has a thickness of 25 mm and an outer 
diameter of 750 mm, while the brace with a thickness of 12.5 mm and an outer diameter 
of 406 mm. The materials for fabrication of tensile coupon specimens are extracted from 


























  Second batch 
First batch 
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intersection. Figure ‎3.24 shows the experimental setup for both the brace and chord. A 
total number of 2 specimens for the brace and 3 specimens for the chord are fabricated. 
Table ‎3.7 presents the total elongation and reduction of area for the specimens. 
Figure ‎3.25 and Figure ‎3.26 presents the stress-strain diagrams for the brace and chord, 
respectively. Table ‎3.8 presents the key mechanical properties for J1-2F, including the 
Young’s modulus of elasticity, the 0.2% offset yield stress, and the ultimate tensile 
strength. Different from previous tensile test, the tensile specimens for the chord of J1-2F 
do not experience delamination cracks, as shown in Figure ‎3.27. 
 
Figure ‎3.24: Experimental setup of the tensile tests for J1-2F: (a) brace; (b) chord. 
Table ‎3.7: Elongation and area of reduction for the brace and chord of J1-2F. 




) EL% RA% From 
J1-2F-B1 50 66.87 141.91 45.17 33.4 68.2 Brace 
J1-2F-B2 50 66.24 144.56 44.06 32.5 69.5 Brace 
J1-2F-C1 50 70.32 294.72 78.66 40.6 73.3 Chord 
J1-2F-C2 50 70.45 311.16 78.58 40.9 74.7 Chord 
 J1-2F-C3 50 70.29 299.80 75.20 40.6 74.9 Chord 
 




Figure ‎3.25: Stress-strain diagrams for the brace material of J1-2F. 
 
Figure ‎3.26: Stress-strain diagrams for the chord material of J1-2F. 
Table ‎3.8: Key mechanical properties obtained from the stress-strain diagram for J1-2F. 
 E (GPa) 0.2% Y  (MPa) u   (MPa) 
Chord 203 440 531 




























































Figure ‎3.27: Tested tensile coupon specimens for the chord of J1-2F. 
3.3 Fracture toughness tests for PJP+ X-joints 
3.3.1 Fracture toughness test for J1-1F 
Fracture toughness tests in the present study involve determining the opening mode 
(Mode I) fracture toughness in the format of fracture resistance curve by the compliance 
method outlined in ASTM E1820 [32]. Compliance, the inverse of stiffness, is defined as 
the ratio of the displacement increment to the load increment. For the same structure or 
component, as the crack gets deeper the same load increment leads to a larger 
displacement increment, thus a larger compliance. The compliance technique determines 
the crack depth based on the relationship between the compliance and the crack depth for 
specimens with different geometries without direct measurement on the crack depth. 
In the present study, the crack opening displacements are measured at the notched 
edge via a crack opening displacement gauge (COD gauge). Figure ‎3.28 illustrates the 
experimental setup for the compact tension (C(T)) specimen. Figure ‎3.29 shows the 
details of the C(T) specimen for the brace of J1-1F, and Figure ‎3.30 show those for the 
chord. For both brace and chord specimens, the notch is in the rolling direction of the 
plate. The material for fabrication of the C(T) specimens are extracted from the joint J1-
1F after the residual strength test. The extracted steel plates are initially curved for the 
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members being circular hollow sections. The plates are pressed with static force in an 
attempt to achieve an acceptable flatness. Side grooves are introduced to promote plane-
strain condition at the crack tip and confine the growth of the crack in the crack plane. 
The side grooves reduce the thickness, B, to a net thickness, BN. The built-in knife edges 
are designed to accommodate the COD gauge without using the conventional external 
knife edges described in ASTM E1820 [32]. The external knife edges need to be affixed 
to the specimen, which causes additional work and possibly experimental errors.   
  
Figure ‎3.28: Crack opening displacement gauge. 
  
Units: mm 
Figure ‎3.29: Compact tension specimen for the brace of J1-1F.  





Figure ‎3.30: Compact tension specimen for the chord of J1-1F. 
The compliance in the present study is obtained from the load-COD relationship by 
controlled unload/reload at specified COD increments. The first stage of the fracture 
toughness test is fatigue precrack, which is necessary because the machined notch is 
usually not sharp enough to promote stable ductile tearing. The precrack also removes the 
notch effect on the crack tip. The total crack length at the end of the fatigue precrack 
(length of the crack starter notch plus the fatigue crack), shall be between 0.45 and 0.70 
W. Following the fatigue precrack, the actual fracture resistance curve test with multiple 
unload/reload sequences begin. Figure ‎3.31 shows a typical load-COD curve for the chord 
C(T) specimen of PJP+ joints. The COD increment interval is usually set at 0.05 mm, and 
the calibrated travelling limit/gauge range for the COD gauge is 3 mm. In a typical 
fracture test in the present study, close to 60 data points should be obtained from each test. 
With each unload/reload, the compliance is measured as the reciprocal of the slope of the 
load increment to COD increment in the unload/reload curve. The compliance value is 
then used as the input parameter together with the yield stress and other known geometric 
parameters of the specimen to calculate the depth of the crack.  
                                                                                       ‎Chapter 3 Material Properties Tests 
81 
 
Yoder et al. [80] showed crack length expression as a function of the normalized 
compliance, u, for a C(T) specimen without side groove following the in-plane geometric 
proportions in Figure 3.32. The expression is a 5
th
-order polynomial, with the coefficients 
dependent on the location where the crack opening displacement is measured. Figure ‎3.32 
includes the load-line displacement and the notch edge displacement which are denoted as 
VLL and V0, respectively. For a C(T) specimen with side grooves, the thickness, B, should 
be replaced by the effective thickness, Be, which is defined as:  
2
/e NB B B B B    , 
where BN is the net thickness of side-grooved section. 
The fracture resistance test requires small and uniform crack growth increments, 
which is implemented by controlling the spaces of the unload/reload sequences. ASTM 
E1820 [32] specifies maximum displacement interval to be 0.01 W, and the average 
should be about 0.005 W. The maximum fracture resistance for a specimen, in terms of 
the J-integral, is given by the smaller of the following two equations [2]: 
 max / 20YJ b    (3.7) 
 max / 20YJ B   (3.8) 
For a specimen having a yield stress, Y , of 420 MPa and thickness, B, of 25 mm, the 
maximum J-integral value according to Equation 3.8 is 525 N/mm or 525 kJ/m
2
. The 
latest revision of E1820 [32] relaxes the denominator in Equation 3.7 and 3.8 from 20 to 
10. The thesis adopts the 2001 version of E1820 [2] for Jmax, which is more conservative.  
The J value may also limited by a maximum crack extension of ∆amax = 0.25bo.  
For a C(T) specimen at point corresponding to a current crack length a(i), crack 
opening displacement v(i), and load P(i), the fracture resistance is calculated as follows [2]: 
  









    (3.9) 
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where  iK   is given by: 





K f a W
BB W
   (3.10) 
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  (3.11) 
and the plastic component of the J,  pl iJ  is given by: 
    
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     
      
  (3.12) 
with: 
    1 12.0 0.522 /i ib W      (3.13) 
    1 11.0 0.76 /i ib W      (3.14) 
where A    area under the load displacement curve, see Figure ‎3.33 
 W    width of the specimen 
 B    thickness of the specimen 
 
NB   net thickness of a side-grooved specimen 
 f    geometric function to obtain elastic crack driving force 
     geometric function to obtain plastic crack driving force 
    geometric function to obtain plastic crack driving force 
   
Equation 3.12 shows that the plastic component of the J quantity is obtained by 
first incrementing the existing  1pl iJ   and then by modifying the total accumulated result 
to account for the crack growth increment. The quantity    1pl i pl iA A   is the increment of 
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plastic area under the load versus plastic load-line displacement record between the lines 
of constant displacement at point i-1 and i shown in Figure ‎3.33. 
Figure ‎3.34 shows the fracture resistance results for the brace of J1-1F. When the 
fracture resistance is expressed in terms of the energy value J, the plot of J versus crack 
extension is called the J-R curve to differentiate the fracture resistance curve expressed in 
terms of the crack tip opening displacement, δ, or the δ-R curve. The fracture toughness at 
1.4 mm of ductile tearing reaches a J value of 300 kJ/m
2
. Further tearing could not be 
pushed because the test is limited by the travel of the COD gauge which is 3 mm at the 
maximum. The chord material of J1-1F shows much higher fracture resistance, compared 
with that for the brace (Figure ‎3.35). The chord material reaches a J value of 570 kJ/m
2
 at 
a ductile tearing of only 0.48 mm. The fracture data for the chord material suggests that 
the material is able to resist Mode I fracture in the rolling direction in the presence of 
deep and sharp fatigue crack by blunting of the crack tip. The chord fracture specimens 
exhibit severe delaminations during pull-out. After the extent of ductile tearing has been 
marked by another run of fatigue, the specimen is separated into two halves by a 
monotonic force to reveal the features of the fracture surface. Figure ‎3.36 shows the 
delaminations for two specimens. Multiple delaminations run perpendicular to the 
original fatigue crack plane. 




Figure ‎3.31: A typical load-COD relationship for the chord C(T) specimen of PJP+ joints. 
 
Figure 3.32: Normalized crack size as a function of plane stress elastic compliance for C(T) specimens. 
[80] 






















Figure ‎3.33: Definition of plastic area for resistance curve J calculation.  
 




















Figure ‎3.35: J-R curve for the chord of J1-1F. 
    
Figure ‎3.36: Delamination crack in the J1-1F chord C(T) specimens developed during pull-out. 
3.3.2 Fracture toughness test for J1X-F 
3.3.2.1 Fracture toughness test in the rolling direction 
The experimental setup for the fracture toughness test in the rolling direction for the joint 
J1X-F is the same as that described in Section ‎3.3.1. The fabrication of the fracture 
specimens takes a different approach to achieve the flatness of specimen that is required 
for the fracture toughness test. The original plates are not pressed flat but trimmed flat. 
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shown in Figure ‎3.37, while the thickness for the chord specimen is reduced from the 
original 25 mm to 23 mm (Figure ‎3.38). Three duplicated specimens were fabricated for 
both the chord and the brace. 
Figure ‎3.39 plots the J-R curve for the brace of J1X-F. The fracture energy at 1.85 
mm of ductile tearing reaches 380 kJ/m
2
. Figure ‎3.40 presents the J-R curve for the 
specimen extracted from the chord of J1X-F. The J energy at 3 mm of crack opening 
displacement measured at the load line is 630 kJ/m
2
, with a crack extension of 0.3 mm 
computed from the compliance relationship. This amount of crack extension is still 
considered to be at the stage of blunting of the crack tip. The chord C(T) specimens still 
experience delaminations when the specimen is separated during pull-out Figure ‎3.41. 
The delaminations, however, are less severe compared with those in J1-1F C(T) 
specimens.  
 
Figure ‎3.37: Compact tension specimen for the brace of J1X-F. 




Figure ‎3.38: Compact tension specimen for the chord of J1X-F. 
 
Figure ‎3.39: J-R curve for the brace of J1X-F. 
 


































Figure ‎3.41: Delamination crack in the J1X-F chord C(T) specimens developed during pull-out. 
3.3.2.2 Fracture toughness test in the through-thickness direction 
Due to the unexpected lamellar splitting failure of J1X-F, through-thickness fracture 
specimens were designed to investigate the fracture resistance in that direction. There is 
no specific international standard/guide for testing of fracture resistance in the through-
thickness direction. In general, the testing methodology and procedures should be the 
same as the conventional fracture resistance curve test. In the present study, the test is less 
straight forward. The thickness of the chord is 25 mm, which is not the concern if it is the 
out-of-plane dimension. When it is in-plane, it eliminates the possibility of fabricating a 
fracture specimen by itself with the available testing equipment in the present study. A 
compact tension configuration with welded prolongations is evaluated. Figure ‎3.42 shows 
the conceptual design. A welding length of 130 mm is required for a standard sized 
through-thickens C(T) specimen. In addition, the inherited curvature in the prolongations 
requires further treatment to achieve the needed flatness for a fracture specimen. Due two 
these reasons, through-thickness C(T) specimen is not adopted. The single edge cracked 
bending specimen is considered to be a more viable configuration compared with the C(T) 
configuration. Figure ‎3.43 shows the conceptual design. Compared with the C(T) 
configuration, the SE(B) configuration requires less welding.   
The crack length for SE(B) specimens with crack opening displacements 
measured at the notch edge is given by [81]: 
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 2 3 4 50.99748 3.9504 2.9821 3.21408 51.5156 113.031i
a
u u u u u
W














  (3.16) 
Ci = compliance on the unload/reload sequence i, 
S = span of the specimen, 
Be = B – (B – BN)
2
/B. 
 Figure ‎3.44 and Figure ‎3.45 illustrate the detailed process of fabrication. First, the 
prolongations are welded to the plate surfaces of the chord. The prolongations (material 
P1) are also extracted from the same chord but orientated in the rolling direction. The 
material at the centre of the SE(B) (Z3) is in the through-thickness direction. The crack 
plane lies parallel to the surfaces of the plate. The design of the welds aimed at 
minimizing residual stresses. Following the welding of the prolongations to the plate 
surfaces, the samples are machined into the desired dimensions. Figure ‎3.46 shows the 
final dimensions for the through-thickness SE(B) specimens. Figure ‎3.47 shows the actual 
experimental setup for the through-thickness fracture resistance curve test. The large 
contact area appearing in the figure is due to the angle the photo was taken at, and the 
actual contact area is much smaller than that. 
In total, three through-thickness SE(B) specimens are fabricated and tested. 
Figure ‎3.48 presents the fracture resistance data for the through-thickness fracture 
resistance test. The accumulated energy in terms of J at 3 mm of crack opening 
displacement measured at the notch edge is 521 kJ/m
2
 which is less than that in the rolling 
direction obtained from C(T) specimens. Figure ‎3.49 shows the fracture surface of the 
tested through-thickness SE(B) specimen. Compared with the C(T) specimen for the 
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fracture resistance test in the rolling direction in Figure ‎3.36, the through-thickness 
specimen experiences larger crack extension. 
 
Figure ‎3.42: Conceptual design of through-thickness C(T) specimen. 
 
Figure ‎3.43: Conceptual design of through-thickness SE(B) specimen. 
 
Units: mm 
Figure ‎3.44: Prolongations and weld details of the through-thickness SE(B) specimen. 
Units: mm 





Figure ‎3.45: Machining details of the through-thickness SE(B) specimen. 
 
Units: mm 
Figure ‎3.46: Detailed dimensions of the through-thickness SE(B) specimens. 
 
Figure ‎3.47: Experimental setup of through-thickness fracture resistance curve test. 




Figure ‎3.48: Through-thickness J-R curve for the chord of J1X-F. 
 
Figure ‎3.49: Fracture surface of tested through-thickness SE(B) specimen. 
3.4 Tensile coupon tests for XN1 
This part covers the tensile test results for the high strength steel S690 which should have 
a minimum yield stress of 690 MPa. The tests utilize steel materials from the brace and 
the chord of the thick-walled X-joint, named as XN1 (Figure ‎3.50). The outer diameter of 




















Figure ‎3.50: Geometry of the thick-walled X-joint, XN1. 
Table ‎3.9: Dimensions of XN1. 
Specimen 
Chord Brace 












XN1 355.6 27.8 1500 244.5 24 2305 0.69 6.40 0.86 
 
The tensile coupons for XN1 are bar coupons following the specification in 
ASTM E8M [79]. The chord and the brace material share the same configuration and 
dimensions, with Figure ‎3.51 showing the details. Table ‎3.10 summarizes the Young’s 
modulus of elasticity, yield stress, and ultimate stress obtained from the coupons 
specimens. The mechanical properties for different specimens from the chord (rcb1- rcb3) 
are quite consistent to each other, with a relative difference of less than 3%. One of the 
brace tensile specimens (rca1) differs slightly in the listed mechanical properties with the 
other two specimens (rca2 and rca3) which are consistent with each other with less than 1% 
difference in measured values between rca2 and rca3. Figure ‎3.52 and Figure ‎3.53 present 
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the engineering stress-strain curves for the chord and the brace coupon specimens, 
respectively. Figure ‎3.54 shows the true stress-strain diagrams for the brace and chord. 
 
Units: mm 
Figure ‎3.51: Configuration and dimensions of bar coupon specimens of XN1. 
Table ‎3.10: Key mechanical properties for XN1. 
Specimen From  E (GPa)  Y   (MPa)  u   (MPa)  
rcb1 Chord  204  834  899  
rcb2 Chord  207  816  893  
rcb3 Chord  206  830  906  
rca1 Brace  202  798  854  
rca2 Brace  208  819  872  
rca3 Brace  209  814  872  
 
 
























Figure ‎3.53: Engineering stress-strain curves for the brace coupons of XN1. 
 
Figure ‎3.54: True stress-strain diagrams for the brace and chord of XN1. 
3.5 Fracture toughness tests for XN1 
Compact tension (C(T)) specimens are machined out from the tested joint, XN1, in such a 
way that their notches share the same direction with the prefabricated notch on XN1. 
Both the specimen configurations and test procedures meet the requirements of ASTM 
E1820 [32]. Figure ‎3.55 presents the dimensions for the C(T) specimens of XN1. The 
side groove in the C(T) specimens reduces the net thickness BN to 80% of the original 
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configurations except the thickness. Specimens CX1-CX3 are 20 mm in thickness, while 
specimens CNX1-CNX3 are 10 mm in thickness. Because of the high tensile strength of 
the material, the design of specimen adopts a large initial crack length to specimen width 
ratio (0.6) to protect the loading pins. 
Figure ‎3.56 and Figure ‎3.57 present the fracture resistance curves for the 20 mm-
thick C(T) specimens and 10 mm –thick C(T) specimens for the chord of XN1. 
According to ASTM 1820 [32], data points bounded by the 0.15 mm exclusion line and 
the 1.5 mm exclusion line are valid. 
Table ‎3.11 summarizes the key information of these two batches of specimens, 
such as the measured fracture toughness of material at fracture instability prior to the 
onset of significant stable tearing crack extension, the valid minimum crack extension, the 
valid maximum crack extension, and the J value at the intercept of the power law curve 
with the 1.5mm exclusion line (Jlimit). With the same in-plane dimensions, the specimens 
with a smaller thickness exhibit a lower Jc but higher Jlimit values. The Jc value 
characterizes the fracture toughness of materials at fracture instability prior to the onset of 
significant stable tearing crack extension. This shows that a dependence of toughness on 
thickness may exist for the current material. In such a case, the lower bound curve to 
those data in Figure ‎3.56 should be adopted for ductile tearing analysis. 
Assuming linear relationship between the crack tip opening displacement and the 
J energy, the crack tip opening displacement corresponding to the lower bound Jmax of 
643 kJ/m
2
 is 0.78 mm with a yield stress of 816 MPa. 





Figure ‎3.55: Specifications for the C(T) specimens of XN1. 
 
































Figure ‎3.57: J-R curve for the chord of XN1 with specimen thickness of 10 mm. 





) ∆amin (mm) ∆alimit (mm) 
CX1 255 540 0.28 1.75 
CX2 330 740 0.32 1.94 
CX3 298 648 0.30 1.88 
Average 294 643 0.30 1.86 
CNX1 267 740 0.29 1.92 
CNX2 300 788 0.30 1.95 
CNX3 200 730 0.25 1.92 



































This chapter covers the tensile tests and fracture toughness tests for the PJP+ X-joints and 
the thick-walled X-joint XN1. The study on material properties provides fundamental 
information for numerical study as well as the basics for predicting and understanding the 
behaviour of the X-joints. The results support the following conclusions: 
1. Both the brace material and the chord material for the PJP+ X-joints are very ductile 
in the rolling direction. The ductility, as measured by the total elongation and 
reduction of area, for the chord is slightly higher than that for the brace. 
2. The chord material for the PJP+ X-joints tend to develop delaminations in both 
tensile coupon specimens and C(T) specimens. 
3. The chord material has very high fracture resistance with the crack plane orientated 
perpendicular to the rolling plane of the steel plate. With 3 mm load-line 
displacement for the standard C(T) specimen, the crack is still stable at the crack 
blunting stage. 
4. The high strength steels S690 for XN1 show little post-yield hardening and small 
fracture strains as reflected by the bar coupons. However, the fracture resistance of 
0.78 mm expressed in CTOD at close to 2 mm crack extension exceeds the minimum 
requirement of 0.25 mm for offshore steels [5]. 
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Chapter 4 Improved Crack Length 
Expressions for the DC(T) and the M(T) 
Specimens 
4.1 Introduction 
The knowledge of the crack length with sufficient accuracy is of great importance in 
fracture toughness tests. The determination of plane-strain fracture toughness, fracture 
resistance curve, fatigue crack growth rate, etc., requires real-time information of the 
crack length. The direct measurement of the real-time crack length is not always feasible. 
Indirect methods to determine the crack length have been developed by various 
researchers. Kapp et al. [82] adopted the load-drop method for crack growth 
measurements. Bucci et al. [83], Toshiro et al. [84], and Brüninghaus et al. [85] used the 
key-curve method to determine the fracture toughness. Wong et al. [86] and Sharobeam 
and Landes [87] utilized the normalization method to develop J-R curves. Byun et al. [88] 
employed the iteration method for crack length calculation. However, these methods have 
different limitations and constraints that hinder them from being commonly used. Another 
indirect method is the unloading compliance method (also known as the compliance 
method in the thesis). Compliance method has been well developed and widely used for 
its cost effectiveness, accuracy, easiness in set-up and wide adaptability. The compliance 
method for determination of the crack length has been included in ASTM E399 [3], 
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ASTM E647 [4], and ASTM E1820 [32] for common fracture test specimens, including 
single edge bend specimens, compact tension specimens, middle tension (M(T)) 
specimens, and disk-shaped compact tension (DC(T)) specimens. 
This chapter looks into the compliance expressions for DC(T) and M(T) 
specimens in the existing ASTM standards and aims to improve the accuracy of the 
expressions with results from parametric finite element analysis. The study on the M(T) 
configuration reveals that the size of the crack starter notch imposes considerable 
influence on the compliance at a crack size close to 2a/W = 0.2. The study thus proposes a 
standard sized notch and the corresponding compliance equations. 
4.2 Improved Crack Length Expressions for the DC(T) specimens 
4.2.1 Introduction 
Compliance technique has been widely used for the measurement of crack length during 
fatigue crack growth rate test and fracture toughness test. The compliance expression and 
crack length expression for DC(T) specimen in the current ASTM standard E399 [3] are 
based on the results of two-dimensional, boundary-collocation analysis under plane-stress 
condition for Poisson’s ratio of 0.3 [89]. In the current investigation, the finite element 
method has been used to obtain the compliance data for the standard DC(T) specimen for 
different thicknesses, crack lengths, and Poisson’s ratio. The study shows that the use of 
the elastic constraint modulus tends to overcorrect the effect of specimen thickness on the 
normalized compliance for thick specimens. In addition, the current expressions have 
been shown to be less accurate at short crack lengths. Further, a simple method to account 
for different Poisson’s ratio is demonstrated. Revised expressions have been proposed to 
incorporate the findings. 
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The DC(T) specimen has special advantage for testing of materials cut from round 
bars, from which they can easily be machined. The DC(T) specimens was first proposed 
by Feddern and Mackerauch [90] as a round specimen for fracture-toughness testing. In 
the following few years, other researchers used similar round compact specimen to test 
for fracture toughness and fatigue crack growth rates [91-93]. Earlier analyses on the 
compliance and crack length relationship and stress intensity factors for DC(T) specimens 
without pin holes have been performed by Gross [94] using boundary-collocation 
analyses and Gregory [95] with closed-form asymptotic solutions, while in actual 
specimens the pin holes are always present. Newman [89] showed results for DC(T) 
specimens including the effects pin holes by utilizing the improved method of boundary-
collocation [96] The analyses were two-dimensional, and only plane-stress conditions 
were considered as it was found previously that the plane stress calculations agreed well 
with experimental results for rectangular compact specimens [97]. Kapp [98] fitted the 
results by Newman [89] and presented in the polynomial form in ASTM E399 [3] for 
compliance measured at the crack mouth. The compliance for specimens under plane 
strain condition was taken account by introducing the effective Young’s modulus. In 
contrast, the expressions for similar specimens in ASTM E1820 [32] do not distinguish 
Young’s modulus for plane stress condition and plane strain condition. In the study of 
square compact tension, C(T), specimens, Tobler and Carpenter [99] verified that 3D 
compliances are better approximated by the 2D compliances assuming plane stress 
condition rather than plane strain condition. 
The finite element (FE) investigation in the present work shows that the non-
dimensional compliance is influenced by the specimen thickness but to a very small 
extent and the use of effective Young’s modulus for thick specimens in E399 [3] tend to 
overcorrect the effect of thickness for short crack lengths. The investigation also shows 
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that for short crack length, the accuracy of the current expressions in E399 could to be 
improved. The present work also proposed correction coefficients for the effect of 
specimen thickness and Poisson’s ratio. 
4.2.2 ASTM E399 implementation 
Figure ‎4.1 shows the standard DC(T) specimen specified in ASTM E399 [3]. All the 
dimensions are normalized against the specimen width, W. The recommended specimen 
thickness, B, is 0.5W, while alternative thicknesses between 0.25W and 0.5W are allowed. 
The height of the crack starter notch, h, is limited to 0.1W. All other in-plane dimensions 
should be kept to the proportions specified. 
The compliance measured at the crack mouth is expressed as a function of the 
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  (4.2) 
where 
mV    crack mouth opening displacement, 
 P    applied force, 
 'E    elastic constraint modulus (E for plane stress; E/(1-υ
2
) for plane strain), 
    Poisson’s Ratio. 
 
Consistent sets of units shall be used for the above equation. The application range 
for the equation is for a/W ≥ 0.2. The geometric constant and material constant can be 
moved to the left hand side to express the compliance in the non-dimensional form: 










  (4.3) 
where Cm = crack mouth opening compliance. 
For the rest of the chapter, the compliance will be presented in the non-
dimensional form. In such a form, the compliances of specimens of different thicknesses 
and materials but the same crack length ratio can be compared directly. The normalized 
crack length as a function of crack mouth opening compliance is obtained by fitting of 
Equation 4.1, and the result is a fifth order polynomial expressed as follows: 
 5 4 3 2481.4 167.627 13.041 2.066 4.459 1.000
a
U U U U U
W









  (4.5) 
The parameter U is the empirical parameter suggested by Saxena and Hudak [100] which 
has been successfully used to obtain crack length expressions for many edge-cracked 
fracture specimens. The value of U is bounded to zero when the compliance or the 
normalized compliance blows up at large crack lengths (a/W ≈ 1) and approaches one 
when a/W approaches zero. 
Figure ‎4.2 illustrates the influence of employing plane strain elastic modulus on 
the calculated crack length based on Equations 4.4 and 4.5. The vertical axis represents 
the change in crack length when replacing E by E/(1-υ2). At a/W = 0.2, the use of plane 
strain elastic modulus results in a calculated crack length of 0.2283 for steel (υ = 0.3) and 
0.2345 for aluminium (υ = 0.33), which correspond an increase of 14% and 17%, 
respectively. The difference decreases as the crack gets deeper and approaches zero as 
a/W approaches 1. 




Figure ‎4.1: Standard proportions for disk-shaped compact specimen. 
 
Figure ‎4.2: Influence of plane strain elastic modulus on the calculated crack length by Equations 4.4 
and 4.5 as in ASTM E399. 
4.2.3 Finite element program 
Figure ‎4.3a presents the FE mesh for the current work. The in-plane meshes for all the FE 
models are the same. Due to double symmetry, a quarter model is simulated, and 
symmetry boundary conditions are applied on the corresponding planes of symmetry. The 
starter notch length is 0 0.2a W , with the notch angle equals 90
o
.  The notch height, h, is 
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and they are uniformly distributed along the remaining 0.8W ligament, which gives an in-
plane element edge size of 0.005W for all the 160 elements. Three layers of such elements 
are kept before the elements start to transit from fine mesh to coarse mesh for 
computational efficiency. The detailed mesh transition is depicted in Figure ‎4.3b. The 
load is applied through a fictitious load pin (Figure ‎4.3c). The load pin is modelled as a 
rigid surface of half circle of the same centre and radius as the pin hole. Hard contact is 
simulated between the load pin and the pin whole without friction. In the numerical 
model adopted by Newman [89], the interaction between the specimen and load pin was 
over an arc of 40
o
, while Newman [89] noted that the compliance would not be influenced 
by the stress distribution applied on the pin hole boundary for a/W ≥ 0.2. In the current 
investigation, the crack lengths vary between a/W = 0.2 and a/W = 0.995. Displacement 
controlled loading is applied at the center of the load pin, as shown in Figure ‎4.3a. The 
specimen width, W, is 100 mm, and the load pin displacement is 0.1 mm. In the thickness 
direction, the finite element adopts eight identical layers of solid elements over the half 
thickness, as shown in Figure ‎4.3c. The symmetry boundary conditions are applied at z = 
0. The linear-elastic numerical analyses are performed in the general-purpose FE solver 
ABAQUS/Standard [101], utilizes 20-node solid elements with full integration (C3D20 in 
ABAQUS element library). 
Table ‎4.1 summarizes the scope of the FE investigation. All the FE models have 
the same elastic material properties, with Young’s modulus E equal to 200 GPa and the 
default Poisson’s ratio of 0.3. The thickness of the models ranges from 0.025W to 1W, 
effectively from 2.5 mm to 100 mm. In the parametric study, the thickness are 
incremented at 0.05W for thickness less than 0.5W and at 0.1W for thickness more than 
0.5W as specimens with thickness more than 0.5W are rarely used in practice. The finite 
element program also includes two models to check the adequacy of mesh density in the 
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thickness direction for B = 0.5W and B = 1W. For these two models, sixteen layers of 
elements are used over the half thickness instead of eight.  
The effect of Poisson’s ratio on compliance for a laterally constrained middle 
tension (M(T)) specimen has been investigated by Eftis and Liebowitz [102]. For 
Poisson’s ratio between 0.25 and 0.4, the compliance is affected by no more than a few 
percentages. In this study, four models are included to investigate the effect of Poisson’s 
ratio on compliance for the standard DC(T) specimen with B = 0.5W. The values of 
Poisson’s ratio are 0.2, 0.25, 0.33, 0.35, and 0.4. These ratios cover most of the metals, 
with the most frequently used metal being steel with Poisson’s ratio of 0.3 and aluminium 
with Poisson’s ratio of 0.33.  
The displacements for computing the compliance are taken from the nodes at the 
material middle thickness, i.e. z = 0 in the FE model, which is consistent with the 
experimental program by Fisher and Buzzard [103] in assessing the DC(T) specimen to 
be included in the ASTM standard for plane strain fracture test. FE analyses in the current 
investigation reveal that for thin specimens, there is no variation in displacement from the 
material middle thickness to the material surface. For thick specimens, the variations over 
the width of the clip gauge are negligible for a/W close to 0.2, and no variation for large 
crack lengths. 
The FE analyses in the current investigation adopt 20-noded solid elements with 
full integration. The simulation of change in crack length from the initial length a0 to the 
total crack length a is achieved by progressive release of symmetry boundary conditions 
for nodes on the crack plane. The first step is analysed for a/W = 0.2. Starting from the 
second step, one element behind the previous crack tip is released by removing the 
symmetry boundary conditions for y = 0. The boundary conditions for the elements 
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behind this element keep unchanged. At the 160
th
 step, which is the last step, the crack 
length is a/W = 0.995.  
   
                       (a)                                                           (b) 
 
(c) 
Figure ‎4.3: (a) Finite element mesh for DC(T) specimen; (b) mesh transition of finite element model; 
(c) Iso view of finite element mesh and rigid load pin. 
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4.2.4 FE Results 
4.2.4.1 Mesh convergence 
Table ‎4.2 shows the results for mesh convergence check in the through-thickness 
direction. The table shows the difference in the crack mouth compliance of models with 
eight elements over the through-thickness direction relative to those with sixteen. The 
differences are small and fluctuate from positive to negative. Table ‎4.2 presents the 
differences in absolute values for better statistic illustration. With the number of elements 
doubled, the compliance results stay practically the same with more than 30 data points 
out of 160 yielding no difference. The mesh convergence study shows that eight layers of 
elements in half thickness are adequate for compliance calculations. Figure ‎4.4 plots the 
actual distribution of difference in compliance over the range of the crack length. The 
differences in computed compliance between eight layers of elements and sixteen layers 
of elements in the thickness direction are less than 0.05% for most of the data points. 
Table ‎4.2: Mesh convergence over the thickness direction. 
Normalized 
thickness (B/W) 
Difference in compliance [(C8-C16)/C16]% 
 0 0 - 0.05% 0.05% - 0.1% 
0.5 45 101 14 
1 33 108 19 




Figure ‎4.4: Difference in compliance between models with 8 elements and 16 elements over the half 
thickness for B/W = 1. 
4.2.4.2 Crack length expression for B/W = 0.5 and υ = 0.3 for compliance measured at 
the crack mouth 
Table ‎4.3 presents the compliance results for the standard DC(T) specimen with B = 0.5W. 
The non-dimensional compliance starts from 15.36 for a/W = 0.2 and increases rapidly 
when the crack size gets larger than 0.95W. The inverse compliance parameter U, which 
is plotted in Figure ‎4.5a, is bounded between 0.21 and 0 for crack length a/W between 0.2 
and 1. The variations of U over a/W approximate linearity, which permits polynomial 
regression with good accuracy. Figure ‎4.5a also plots the crack lengths based on the same 
U values but calculated from Equation 4.4. Compared with the actual crack lengths in the 
FE model, Equation 4.4 under predicts the crack length by more than 6% for a/W close to 
0.2 and the under-prediction gradually reduces to zero when a/W approaches 1. 
Figure ‎4.5b plots the magnitude of under prediction over the crack length range.  
Equation 4.10 fits the compliance data in Table ‎4.3 in a polynomial to the 5
th
 order 
using MATLAB [104]. The default polynomial curve fitting procedure minimizes the 
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each data point contributes equally. This attribute is undesirable because the residual is 
calculated from the numerical difference in values, rather than as a percentage error. The 
default fitting algorithm biases the regression such that the resulting equation is less 
accurate in regions where a/W is small and more accurate in regions where a/W is close to 
unity. Most tests would terminate long before a/W reaches unity. Close match of the 
actual initial notch length and the calculated notch length by the compliance method gives 
confidence in the instrumentation, which means that accurate fitting at small a/W is 
important. The present study thus employs a weighted polynomial fit. The non-weighted 
polynomial fit to the 5
th
 degree approximates a/W by: 
   55 1 0/ ...i iia W m U mU m      (4.6) 
To find the parameters aj for the best approximation, the algorithm minimizes the sum 
over the squared residuals: 
   
2
5
5 1 0/ ...i ii
i
r a W m U mU m        (4.7) 
Equation 4.7 implies that each pair of data has an equal weight of 1. The weighted 
polynomial fit assigns weight (wi) to each residual, and the sum over the squared 
weighted residuals is minimized: 
   
2
5
5 1 0/ ...i i ii
i
r w a W m U mU m      
 
  (4.8) 
The weight function is inversely proportional to the normalized crack length: 
  /i iw W a   (4.9) 
At the initial crack length a/W = 0.2, the weight for this data pair is w1 = 5, and at the 
160
th
 data pair where a/W = 0.995, the weight is w160 = 1.005. In addition, a 161
th
 data 
pair, corresponding to a fictitious data pair with a/W = 1 and U = 0, is added. Equation 
4.10 fits all the FE data points with good accuracy with the maximum error at the first 
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data pair (corresponding to a/W = 0.2 in FE model) being a 0.88% over prediction. The 
minimum under prediction is 0.30% corresponding to a/W = 0.23 in the FE model. 
 5 4 3 21410.94 612.482 84.3413 6.70682 4.55129 1.00227
a
U U U U U
W
        (4.10) 
Theoretically, the constant term in Equation 4.10 should be at unity, 
corresponding to U approaches zero when the compliance approaches infinity at a/W = 1. 
The curve fitting procedure aims at minimizing errors over the entire data range and does 
not restrict the constant term to be unity. Equation 4.10 recognizes that there would be a 
0.227% over prediction when a/W is at unity. Figure ‎4.6 shows percentage error 
frequency histograms for the crack length predictions by Equation 4.10 relative to the 
crack lengths used in the regression analyses. The percentage error is defined as: 
 







a W a W
a W

    (4.11) 
Figure ‎4.7 shows percentage error frequency histograms for the same compliance 
data in Table ‎4.3 with equal weights in the regression analysis for the 5
th
 order 
polynomial fit. The maximum error with equal weights is also at the first data 
(corresponding to actual a/W = 0.2 in FE) with an over prediction of 1.20%. The weighted 
polynomial fit has reduced the maximum error in prediction of crack length from 1.20% 
for non-weight/equal-weight polynomial fit to 0.88%.  
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Table ‎4.3: FE crack mouth compliance data for DC(T) specimen with B = 0.5W. 
a/W EBC a/W EBC a/W EBC a/W EBC 
0.2 15.3569 0.4 33.7698 0.6 92.2896 0.8 424.621 
0.205 15.5465 0.405 34.5220 0.605 95.0339 0.805 447.880 
0.21 15.7800 0.41 35.3209 0.61 97.8933 0.81 473.181 
0.215 16.0319 0.415 36.1159 0.615 100.866 0.815 500.389 
0.22 16.2985 0.42 36.9347 0.62 103.956 0.82 529.872 
0.225 16.5781 0.425 37.8038 0.625 107.177 0.825 562.117 
0.23 16.8697 0.43 38.6711 0.63 110.536 0.83 596.932 
0.235 17.1729 0.435 39.5620 0.635 114.040 0.835 635.149 
0.24 17.4874 0.44 40.4794 0.64 117.694 0.84 677.232 
0.245 17.8126 0.445 41.4547 0.645 121.507 0.845 723.320 
0.25 18.1489 0.45 42.4284 0.65 125.487 0.85 773.881 
0.255 18.4965 0.455 43.4310 0.655 129.641 0.855 829.981 
0.26 18.8547 0.46 44.4619 0.66 133.990 0.86 891.835 
0.265 19.2102 0.465 45.5262 0.665 138.547 0.865 960.873 
0.27 19.5907 0.47 46.6220 0.67 143.308 0.87 1038.24 
0.275 19.9828 0.475 47.7869 0.675 148.315 0.875 1125.33 
0.28 20.3714 0.48 48.9505 0.68 153.550 0.88 1222.65 
0.285 20.7866 0.485 50.1519 0.685 159.041 0.885 1333.26 
0.29 21.1986 0.49 51.3902 0.69 164.679 0.89 1459.22 
0.295 21.6379 0.495 52.6685 0.695 170.725 0.895 1603.38 
0.3 22.0737 0.5 53.9882 0.7 177.099 0.9 1769.54 
0.305 22.5223 0.505 55.3483 0.705 183.797 0.905 1962.57 
0.31 22.9829 0.51 56.7546 0.71 190.865 0.91 2188.47 
0.315 23.4739 0.515 58.2038 0.715 198.301 0.915 2454.48 
0.32 23.9613 0.52 59.7048 0.72 206.156 0.92 2772.06 
0.325 24.4624 0.525 61.2514 0.725 214.427 0.925 3153.83 
0.33 24.9772 0.53 62.8534 0.73 223.211 0.93 3619.70 
0.335 25.5061 0.535 64.5099 0.735 232.471 0.935 4196.01 
0.34 26.0315 0.54 66.2229 0.74 242.278 0.94 4920.08 
0.345 26.5899 0.545 67.9941 0.745 252.720 0.945 5848.79 
0.35 27.1641 0.55 69.8256 0.75 263.745 0.95 7066.74 
0.355 27.7542 0.555 71.7268 0.755 275.504 0.955 8706.78 
0.36 28.3397 0.56 73.6929 0.76 287.996 0.96 10986.9 
0.365 28.9628 0.565 75.7301 0.765 301.348 0.965 14292.2 
0.37 29.6031 0.57 77.8412 0.77 315.559 0.97 19349.9 
0.375 30.2394 0.575 80.0335 0.775 330.695 0.975 27661.5 
0.38 30.9162 0.58 82.3007 0.78 346.917 0.98 42754.9 
0.385 31.5884 0.585 84.6608 0.785 364.328 0.985 74627.8 
0.39 32.3038 0.59 87.1071 0.79 383.042 0.99 162096 
0.395 33.0145 0.595 89.6487 0.795 403.060 0.995 583139 





Figure ‎4.5: (a) The inverse compliance parameter U as a function of normalized crack length from 
FE and the calculated crack length based on the U values and Equation 4.4; (b) under prediction of 
Equation 4.4 in calculation of crack lengths relative to the crack lengths Table ‎4.3. 
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Figure ‎4.7: Error histogram of the 5
th
 order polynomial fit to Table ‎4.3 with equal weights. 
4.2.4.3 Effect of Poisson’s ratio on crack mouth compliance 
Figure ‎4.8 presents the effect of Poisson’s ratio on compliance and the influence on crack 
length calculations for FE models with B/W = 0.5. Figure ‎4.8a plots the difference in the 
normalized compliance (EBC) when the Poisson’s ratio differs from 0.3. As expected, a 
decrease in Poisson’s ratio results in an increase in compliance while other parameters are 
kept the same. The effect of Poisson’s ratio on compliance is more pronounced for a/W > 
0.8. At a/W = 0.2, materials with υ = 0.2 and υ = 0.4 cause compliance to differ less than 
1.5% from that with υ = 0.3. When a/W approaches unity, the differences increase to 4.3% 
for υ = 0.2 and 7.1% for υ = 0.4. Figure ‎4.8b shows the corresponding change in crack 
length calculated from Equation 4.10 as a result of change in compliance due to variations 
in the Poisson’s ratio. At crack lengths near a/W = 0.2, a relative change in compliance 
will cause a slightly larger amount of relative change in the calculated crack length. For υ 
= 0.2 at a/W = 0.2, the 1.13% increase in compliance causes a 1.68% increase in the 
calculated crack length. For υ = 0.4 at a/W = 0.2, the 1.41% decrease in compliance 
causes a 2.15% decrease in the calculated crack length. As the crack length gets larger, 
the calculated crack length become less sensitive to changes in the compliance of only a 
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increases. At crack lengths close to a/W = 1, a change in compliance of a few percentage 
has virtually no influence in the calculated crack length (Figure ‎4.8b). From this 
understanding, it is logical to incorporate the effect of Poisson’s ratio for all crack lengths 
based on the compliance changes at a/W = 0.2 where the effect of Poisson’s ratio on the 
calculated crack length is most pronounced. When the Poisson’s ratio is different from υ 
= 0.3, the compliance should be modified by a coefficient λυ in order to make use the 
same crack length expression derived for υ = 0.3:   
 /EBC EBC      (4.12) 
where: 
 0.1255 1.0369       (4.13) 
The expression in Equation 4.12 is obtained by linear regression of the data points in 
Figure ‎4.9a showing the compliance for different υ values at a/W = 0.2 for B/W = 0.5. The 
data vary approximately linearly on υ for the compliance and permits a simple linear 
regression. Figure ‎4.9b depicts the error in crack length calculation relative to that with υ 
= 0.3 after implementing Equation 4.12 to include the effect of the Poisson’s ratio. 
Comparison between Figure ‎4.8b and Figure ‎4.9b suggests that although being a simple 
linear correction, the correction factor for Poisson’s ratio, λυ, is very effective in unifying 
the crack length expression for different Poisson’s ratios. 





Figure ‎4.8: (a) effect of Poisson’s ratio on crack mouth compliance for B/W = 0.5; (b) error in crack 
length calculation using Equation 4.10 with B/W = 0.5 and variations in υ relative to crack length 
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Figure ‎4.9: (a) effect of Poisson’s ratio on compliance at a/W = 0.2 for B/W = 0.5; (b) error in crack 
length calculation including the effect of Poisson’s ratio using Equation 4.10 and 4.12 relative to 
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4.2.4.4 Effect of specimen thickness on crack mouth compliance 
This part of the investigation focuses on the effect of specimen thickness on the 
compliance of DC(T) specimen and evaluation of introducing the plane strain elastic 
constraint modulus for thick specimens. The investigation reveals that the specimen 
thickness imposes a minor influence on the compliance. Figure ‎4.10 shows the change in 
compliance for different B/W relative to the compliance for B/W = 0.5. For thin specimens 
with B/W = 0.025, the normalized compliance (EBC) increases by less than 0.55%, and 
for thick specimen with B/W =1, the normalized compliance decreases by 0.71% relative 
to that for B/W = 0.5 at a/W = 0.2. The difference in compliance increases as a/W 
increases. The maximum increase in EBC for B/W = 0.025 is at a/W = 0.97 with a 7% 
increase. The maximum decrease in EBC for B/W = 1 is 2.4% relative to the EBC for B/W 
= 0.5 at a/W = 0.875.  Figure ‎4.10b shows the corresponding change in the crack length 
calculated from Equation 4.10 as a result of  the change in compliance due to variations in 
specimen thickness. Overall, the effect of thickness on crack length calculations is very 
small. If the thickness is in the range recommended by the code, which is 0.25 ≤ B/W ≤ 
0.5, the maximum relative error in crack length prediction is less than 0.55%. There is no 
need to account for the effect of thickness. For completeness, a thickness correction 
formula for compliance is also provided as follows: 
 / BEBC EBC     (4.14) 
where: 
   0.0122 / 1.0059B B W      (4.15) 
The expression in Equation 4.15 is obtained by linear regression of the data points for 
different thicknesses at a/W = 0.2 for υ = 0.3. The same argument for employing linear 
correction for the effect of Poisson’s ratio at a/W = 0.2 applies and it is not repeated here. 
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Figure ‎4.11 shows that the correction factor for the specimen thickness can effectively 
reduce the relative error in the crack length prediction. 
Figure ‎4.2 has demonstrated that the use of 'E causes as much as 14% increase in 
the calculated crack length for steel and 17% for aluminium. The very limited effect of 
specimen thickness on the measured compliance and crack length calculations revealed in 





Figure ‎4.10: (a) effect of specimen thickness on compliance; (b) error in crack length calculation 
using Equation 4.10 with υ = 0.3 and variations in B/W relative to crack length calculation with υ = 
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Figure ‎4.11: Error in crack length calculation including the effect of specimen thickness using 
Equation 4.10 and 4.14 relative to crack length calculation with B/W = 0.5. 
4.2.4.5 Crack length expression based on load-line compliance 
This section presents the results for compliance measured along the load-line at the crack 
face, named as CLL (Figure ‎4.12). The parameters of interest and methodology follow the 
previous sections (‎4.2.4.2 - ‎4.2.4.4) for the crack mouth compliance, Cm. Table ‎4.4 
presents the load-line compliance data from the FE model with B/W = 0.5. Figure ‎4.13 
plots Cm/CLL over a/W for DC(T) specimen with the  standard thickness. The ratio of 
Cm/CLL converges to 1.25 as a/W approaches unity, which proves the consistency of the 
analyses. 
Equation 4.16 presents the polynomial expression regressed to the FE results for 
load-line compliance measured at the middle thickness of the specimen for B/W = 0.5 and 
υ = 0.3.  
 5 4 3 2237.233 127.630 18.0912 3.46254 4.00247 1.00189
a
U U U U U
W
        (4.16) 
Figure ‎4.14 shows percentage error frequency histograms for Equation 4.16 
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follows that in Equation 4.11 but with the compliance expression referring to Equation 
4.16 instead of 4.10. The maximum over prediction of crack length is 0.72% 
(corresponding to actual a/W = 0.2 in FE), and the maximum under prediction is 0.25% 
(corresponding to actual a/W = 0.22 in FE). 
ASTM E399 [3] does not provide an crack length expression for load-line 
compliance. ASTM E1820 [32] includes a crack length equation for load-line compliance 
but without indicating the reference. The standard specimen thickness is in ASTM E1820 
[32] remains at B/W = 0.5.  Equation 4.17 is the crack length expression in ASTM E1820 
[32] for DC(T) specimen. Figure ‎4.15 plots the error in crack length prediction by 
Equation 4.17 relative to the load-line compliance data in Table ‎4.4. The definition of 
error in prediction follows that in Equation 4.11 but with the compliance expression 
referring to Equation 4.17 instead of 4.10. The maximum error in prediction for the load-
line crack length expression in ASTM E1820 [32] still occurs at a/W = 0.2. Different 
from the crack length expression at crack mouth in ASTM E399 [3] which under-predicts 
crack length throughout, the load-line crack length expression  over-predicts crack length 
when the actual crack length is less than a/W = 0.6, and under-predicts crack length when 
a/W > 0.6. The maximum over prediction is 12.23%, and the maximum under prediction 
is small at 0.31% at a/W = 0.94.  
 5 4 3 244.5270 45.2125 20.3714 0.187106 3.88087 0.998193
a
U U U U U
W
       (4.17) 
 Figure ‎4.16a shows the effect of Poisson’s ratio on the crack length calculations 
based on the load-line compliance. The maximum difference between the crack length 
computed by Equation 4.16 with B/W = 0.5 and different υ values and that computed by 
the same equation with B/W = 0.5 and υ = 0.3 occurs at low crack lengths (a/W ≈ 0.2).  
Compared with Figure ‎4.8b, variations in Poisson’s ratio has less effect on the load-line 
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crack length. The load-line crack length expression does not need a correction for 
Poisson’s ratio considering the insignificant effect shown in Figure ‎4.16a. Figure ‎4.16b 
shows the effect of specimen thickness on the crack length calculations based on the load-
line compliance. Figure ‎4.16b is similar to Figure ‎4.10b with both showing insignificant 
influence of the specimen thickness in compliance and crack length calculations. The 
compliance correction factors are not necessary for the crack length calculations based on 
load-line compliance, but are presented in Equation 4.18 and 4.19 for completeness. 
  0.069 1.0202      (4.18) 
  
2
0.0183 / 0.0024 / 1.006B B W B W       (4.19) 
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Table ‎4.4: FE load-line compliance data for DC(T) specimen with B = 0.5W. 
a/W EBC a/W EBC a/W EBC a/W EBC 
0.2 8.98112 0.4 23.1793 0.6 67.7999 0.8 327.360 
0.205 9.13783 0.405 23.7542 0.605 69.9107 0.805 345.650 
0.21 9.33252 0.41 24.3448 0.61 72.1111 0.81 365.551 
0.215 9.54206 0.415 24.9514 0.615 74.3992 0.815 386.967 
0.22 9.76278 0.42 25.5760 0.62 76.7803 0.82 410.185 
0.225 9.99305 0.425 26.2174 0.625 79.2637 0.825 435.586 
0.23 10.2315 0.43 26.8779 0.63 81.8537 0.83 463.026 
0.235 10.4777 0.435 27.5563 0.635 84.5573 0.835 493.163 
0.24 10.7313 0.44 28.2547 0.64 87.3792 0.84 526.366 
0.245 10.9917 0.445 28.9741 0.645 90.3254 0.845 562.739 
0.25 11.2591 0.45 29.7145 0.65 93.4017 0.85 602.666 
0.255 11.5336 0.455 30.4775 0.655 96.6146 0.855 646.989 
0.26 11.8148 0.46 31.2615 0.66 99.9807 0.86 695.883 
0.265 12.1030 0.465 32.0713 0.665 103.509 0.865 750.474 
0.27 12.3981 0.47 32.9053 0.67 107.198 0.87 811.676 
0.275 12.7002 0.475 33.7648 0.675 111.079 0.875 880.600 
0.28 13.0093 0.48 34.6501 0.68 115.139 0.88 957.658 
0.285 13.3257 0.485 35.5641 0.685 119.401 0.885 1045.29 
0.29 13.6496 0.49 36.5064 0.69 123.876 0.89 1145.11 
0.295 13.9808 0.495 37.4795 0.695 128.577 0.895 1259.40 
0.3 14.3199 0.5 38.4847 0.7 133.535 0.9 1391.21 
0.305 14.6674 0.505 39.5207 0.705 138.749 0.905 1544.39 
0.31 15.0227 0.51 40.5924 0.71 144.254 0.91 1723.75 
0.315 15.3868 0.515 41.6969 0.715 150.047 0.915 1935.03 
0.32 15.7598 0.52 42.8416 0.72 156.172 0.92 2187.43 
0.325 16.1418 0.525 44.0218 0.725 162.622 0.925 2490.97 
0.33 16.5330 0.53 45.2442 0.73 169.478 0.93 2861.54 
0.335 16.9337 0.535 46.5091 0.735 176.710 0.935 3320.20 
0.34 17.3446 0.54 47.8176 0.74 184.373 0.94 3896.65 
0.345 17.7656 0.545 49.1716 0.745 192.537 0.945 4636.41 
0.35 18.1972 0.55 50.5722 0.75 201.160 0.95 5606.95 
0.355 18.6396 0.555 52.0265 0.755 210.361 0.955 6914.38 
0.36 19.0931 0.56 53.5311 0.76 220.142 0.96 8732.84 
0.365 19.5586 0.565 55.0917 0.765 230.599 0.965 11370.1 
0.37 20.0359 0.57 56.7088 0.77 241.736 0.97 15405.9 
0.375 20.5259 0.575 58.3891 0.775 253.603 0.975 22041.0 
0.38 21.0291 0.58 60.1282 0.78 266.330 0.98 34094.8 
0.385 21.5452 0.585 61.9395 0.785 279.992 0.985 59559.3 
0.39 22.0759 0.59 63.8176 0.79 294.687 0.99 129495 
0.395 22.6202 0.595 65.7700 0.795 310.412 0.995 466232 
 




Figure ‎4.12: Crack mouth compliance and load-line compliance for DC(T) specimen. 
 
Figure ‎4.13: Ratio of crack mouth compliance over load-line compliance for DC(T) specimen with 
standard thickness B/W = 0.5. 
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Figure ‎4.15: Error in prediction of Equation 4.17 in calculation of crack lengths relative to the crack 
lengths Table ‎4.4. 
 
 
Figure ‎4.16: (a) error in crack length calculation using Equation 4.16 with B/W = 0.5 and variations 
in υ relative to crack length calculation with B/W = 0.5 and υ = 0.3; (b) error in crack length 
calculation using Equation 4.16 with υ = 0.3 and variations in B/W relative to crack length calculation 
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In the current investigation, the crack length–compliance relationship of DC(T) 
specimens of different thickness and Poisson’s ratio has been studied. The investigation 
supports the following conclusions: 
1. Crack length expressions have been proposed for compliance measured at the crack 
mouth compliance and the load-line. For DC(T) specimens conforming to the 
geometry in the current investigation, the proposed expressions are proven to be 
more accurate, especially at a/W ≈ 0.2. 
2. The investigation reveals that the influences of Poisson’s ratio and specimen 
thickness on compliance and crack length calculations are minor. Compliance 
correction factors are proposed to allow the use of a unified expression on specimens 
with different Poisson’s ratio and thickness. 
3. The investigation suggests that the modification of Young’s modulus for plane strain 
condition in E399 [3] is unjustified. Plane stress condition is applicable to 
measurements remote to the crack tip, regardless of the stress state local to the crack 
tip. The difference in compliance between FE analyses and two dimensional 
boundary-collocation analyses could have been caused by the absence of notch in the 
analytic analyses and the inclusion of the notch geometry in FE models. 
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4.3 Improved Crack Length Expressions for the M(T) specimens 
4.3.1 Introduction 
The middle cracked tension, M(T) specimen is a widely used configuration in fracture 
mechanics for the determination of low-constraint fracture toughness and for the 
investigation of crack growth rate. The M(T) specimen has its advantages over alternative 
configurations. The tension configuration allows the test of very thin materials that are 
otherwise not practical with the bending configuration. The crack in the M(T) specimen 
tend to grow in a straight line to significant lengths. The form of the crack length 
expression allows great flexibility in the position of the displacement gauge for 
compliance measurement. The M(T) specimens also allow for fatigue loading under both 
positive and negative force ratios. 
The earlier work on the compliance function attributes to Eftis and Liebowitz 
[102], who derived a compliance function for the M(T) specimen using a modified 
Westergaard approach. The complicated function expresses the compliance as a function 
of the normalized crack length, displacement gauge length, and the Poisson’s ratio. The 
validity range limits to 0.2 ≤ a/W ≤ 0.8 and 0.2 ≤ υ ≤ 0.5. Kirk [105] presented the Eftis 
and Liebowitz [102] equation in a polynomial form with the crack length as a function of 
the other three parameters through a three-dimensional coefficient matrix. Ashbaugh and 
Johnson [106] derived a unifying characteristic compliance function in the form of 
polynomial for the M(T) specimen by combining the solutions of Eftis and Liebowitz 
[102] for 2a/W approaching 0 and Koiter [107] for 2a/W approaching 1. The 
characteristic function was modified to fit experimental results of three sets of test 
specimens, each with a different half specimen length (L) and loading condition. The 
results of several researches on thin Aluminium-alloy M(T) specimens [108-110] showed 
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that the experimentally measured compliances were always higher than the Eftis and 
Liebowitz equation [102]. Schijve [111] pointed out that the Eftis and Liebowitz [102] 
was not an exact solution, but an approximation, and suggested FEM calculations as a 
more reliable method for the generation of more accurate compliance equation as 
experimental measurements had their own source of inaccuracies. Neale’s [112] results 
on relatively thick steel M(T) specimens also showed that the measured compliances are 
higher than the analytic compliance expressions derived from the stress intensity factor 
solutions [113]. A common characteristic of the analytic compliance expressions by Eftis 
and Liebowitz [102] and Neale [113] is the exclusion of notch, while actual specimens 
always include a notch. The addition of a notch to the specimen naturally increases the 
compliances, and the difference is more pronounced at low crack lengths. The 
discrepancies demonstrate a need to provide more accurate compliance expressions that 
account for the notch geometry in actual specimens through FE study. 
Section ‎4.3 presents a detailed 3D FE study on the compliance of the M(T) 
specimen. The study explores the effect of specimen thickness, notch geometry, and 
loading conditions. The study also compares the results with the compliance function in 
the current E647 [4] and proposes a compliance function M(T) specimen with the 
proposed standard notch geometry. 
4.3.2 ASTM E647 implementation 
Figure ‎4.17 shows the three configurations of M(T) specimens in ASTM E647 [4] and 
their respective dimensions. The recommended upper limit of the specimen width, B, is in 
the range of W/8 and W/4, where W is the width of the specimen. The crack length for the 
M(T) specimen is a function of the unified compliance [106]: 
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 4 3 2
2
0.361691 1.01885 0.588106 1.06905
a
x x x x
W
      (4.20) 
where x is in the gauge-length unified compliance in the form of:  
 
  31 2 /2.141
1
c
EBC EBC c c
x e
       
    (4.21) 
where: 
B: specimen width; 
C: compliance, V/P; 
E: Young’s modulus of elasticity; 
ci: coefficients for different loading conditions in Table ‎4.5; 
y: half gauge length; 
η: non-dimensional gauge length, 2y/W. 
The coefficients ci in Table ‎4.5 fits the experimental data reported by Ashbaugh and 
Johnson [106] for low 2a/W. The ASTM compliance equation for the M(T) specimen 
does not consider the effect of the Poisson’s ratio and specimen thickness. The effect of 
Poisson’s ratio on the compliance has been shown to be in the order of a few percentage 
for both the C(T) specimen [99] and the M(T) specimen [102]. The influence of specimen 
thickness has not been investigated for the M(T) specimen. Different from the C(T) and 
the SE(B) specimens or other bending type specimens, the compliance for the M(T) 
specimen is usually measured at the surface instead of the middle thickness. While it 
holds that the specimen thickness imposes a negligible influence on the compliance of the 
bending type specimens, the same conclusion for the tension type specimens and low-
constraint specimens may not be true. 




Figure ‎4.17: ASTM E647 M(T) specimens. 
Table ‎4.5: ASTM E647 coefficients for different loading conditions for the M(T) specimen. 
 Uniform stress Pin-loaded Uniform displacement 
c1 0.0 0.005 -0.03 
c2 0.0 0.0184 0.013 
c3 0.0 3.0 4.0 
 
4.3.3 Finite element program 
Figure ‎4.18 presents the FE mesh for the compliance study for the M(T) specimen. The 
specimen width, W, is fixed at 100 mm, and the half specimen length, L, equals 1.5W. 
The FE model extends a rigid partition of 0.05W on top of L = 1.5W to facilitate 
application of uniform displacements and stresses. Due to triple symmetry, a one-eighth 









Uniform stress Pin-loaded 
Clamped 
Uniform displacement 
 /W = 2.0  /W = 1.5  /W = 0.72 
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conditions are applied on the corresponding symmetry planes. The starter notch length is 
2a0 = 0.2W for all the FE models, and the notch angle equals 60
o
.  The notch height, h, is 
varied to study the effect of notch geometry on the compliance. The total number of 
elements on the crack plane behind the starter notch is 320, and they are uniformly 
distributed along the remaining 0.4W ligament, which gives in-plane element edge size of 
0.00125W for all the 320 elements. For a specimen with W of 100 mm, the corresponding 
in-plane element edge length is 0.125 mm. Three layers of such elements are kept before 
the elements start to transit from a fine mesh to a coarse mesh for computational 
efficiency. In the thickness direction, the FE model adopts eight identical layers of solid 
elements over the half thickness. Mesh convergence study shows that the current mesh is 
sufficient. Along the X-symmetry plane between y = 0.05W and y = 0.5W, the element 
edge length is 0.025W, giving a η interval of 0.05. Including the two end nodes between y 
= 0.5h (notch face) and y = 0.05W, each FE model gives 21 compliance measurement 
locations, i.e. η = h/W, η = 0.05+0.5h/W, η = 0.1, η = 0.15, … , η = 1.0, The compliance 
is measured at the surface node (z = 0.5B) to be in agreement with the experiment. 
The FE models adopt 20-node solid elements with full integration and follow the 
same value of Young’s modulus of elasticity of 200 GPa. The numerical analyses are 
performed in the general-purpose FE solver ABAQUS/Standard [101]. The simulation of 
increment in crack length from the initial length 2a0 to total crack length 2a is achieved 
by progressive release of symmetry boundary conditions for nodes on the crack plane (y = 
0). The first step is analysed for a/W = 0.2. Starting from the second step, one element 
behind the previous crack tip is released by removing the symmetry boundary conditions 
for y = 0. The boundary conditions for the elements behind this element keep unchanged. 
At the 320
th
 step, which is the last step, the crack length is 2a/W = 0.9975. 
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Table ‎4.6 presents the scope of the finite element investigation for the M(T) 
specimen. The parametric study focuses on the effect of notch height, h/W, specimen 
thickness, B/W, and the Poisson’s ratio, υ, on the compliance of the M(T) specimen. Their 
default values are 0.05, 0.02, and 0.3, respectively. With a specimen width of 100 mm, 
the corresponding default notch height is 5 mm which is the initial opening of some 
double-cantilever clip-on displacement gauges. Mounting a clip-on displacement gauge 
directly on the notch removes the introduction of external knife edge and the related 
experimental errors. Considering that one of the advantages of the M(T) specimens is for 
testing of thin materials, the thin specimen of B/W = 0.02 is adopted in as the base for the 
generation of the compliance equation. The most common materials for fracture 
mechanics testing are steel and aluminium alloy, which leads to the choice of 0.3 as the 
base Poisson’s ratio for the compliance equation. 
 





Figure ‎4.18: FE model for the M(T) specimen. 




thickness (B/W) Poisson’s ratio 
Notch height 
(h/W) 
Notch height  0.02 0.3 
0.0, 0.01, 0.02, 
0.03, 0.04, 0.05 
Specimen 
thickness 
0.01, 0.02, 0.03, 
0.05, 0.075, 0.1, 
0.15, 0.2, 0.25 
0.3 0.05 
Poisson’s ratio 0.02, 0.1, 0.25 
0.2, 0.25, 0.3, 








4.3.4.1 Uniform stress versus uniform displacement loadings 
Equation 4.21 distinguishes the loading conditions through three modification coefficients. 
For the same x from Equation 4.20, the compliance is solved for different loading 
conditions, and Figure ‎4.19 depicts the difference in the back-calculated values of 
compliance. The difference in compliance is defined as: 
 
pin-loaded/uniform displacement uniform stress
uniform stress




   (4.22) 
According to Equation 4.21, the pin-loaded M(T) specimen yields lower compliance than 
the uniform stress-loaded M(T) specimen, and the uniform displacement-loaded M(T) 
specimen has higher compliance than both of them. In general, the difference increases as 
the gauge length, η, increases.  
Figure ‎4.20 shows the difference in the normalized compliance as a result of 
change in loading condition from FE calculations for h/W = 0.05. The results for different 
η values up to η = 1.0 at various B/W values are very close and only η = 0.05 is included 
here for a clear presentation. The maximum difference is at crack length close to 2a0 at a 
value of less than 0.06%, which is much lower than those in Figure ‎4.19. In addition, FE 
results show that the difference is independent of η while the unifying parameter x shows 
a strong influence on η. The modification coefficients are based on experimental data. 
Other than different loading conditions, another major difference among the three 
configurations is the length of the specimen. The significant variation from L/W = 2.0 to 
L/W = 0.72 could have caused that difference.  
Figure ‎4.21 explores the effect of specimen length. The study covers L/W from 0.7 
to 1.4 with B/W = 0.02, h/W = 0.05, and η = 0.05. The compliances are compared with 
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those for L/W = 1.5. As the specimen gets shorter, the difference in compliance gets larger. 
The maximum difference for L/W = 0.7 occurs at 2a/W = 0.7 at 4%. When L/W is larger 
than 1.2, the compliances quickly converges to those for L/W = 1.5.  
Figure ‎4.20 and Figure ‎4.21 together confirm that the compliance remains 
practically the same when the loading condition is changed from uniform stress to 
uniform strain. The two loading condition should share the same compliance equation. 
The length of the specimen, L/W, on the other hand, has a minor influence when 
relatively short specimens are used.  
4.3.4.2 The compliance unifying parameter x for the M(T) specimen 
Figure ‎4.22a and b present the crack length, 2a/W, as a function of the unified compliance, 
x, for two notch geometries at h/W = 0.0 and h/W = 0.05, respectively. Ideally, the curves 
for different η values should converge as one curve under the unifying method, but both 
figures show slightly scattered compliance curves. For both notch geometries, the scatter 
is more pronounced at 2a/W = 0.2 and decreases as the crack length increases. 
Figure ‎4.22c and d show the difference in x relative to the compliance measured at the 
notch face for h/W = 0.0 and h/W = 0.05, respectively. Under the compliance unification 
method in Equation 4.21, there is no consistent trend of x as a result of change in the 
gauge length over the full range of 2a/W, which makes a gauge-length correction for x to 
improve the accuracy of the equation difficult. 




Figure ‎4.19: ASTM E647 compliance difference for different loading conditions. 
 
Figure ‎4.20: Difference in compliance for uniform displacement relative to uniform stress loadings 
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Figure ‎4.22: Crack length as a function of the unified compliance x for (a) h/W = 0; (b) h/W = 0.05; 
difference in x with respect to x at the notch face for (c) h/W = 0; (d) h/W = 0.05. 
Figure ‎4.23 compares the ASTM E647 equation with the zero-notch FE results 
with the FE results as the reference values, since the derivation of the ASTM E647 
equation does not include a notch. Figure ‎4.23a shows the compliance differences when 
fixing 2a/W, while Figure ‎4.23b presents the crack length differences if the compliances 
are the same. The compliance differences are less than +1% and -3% for all η values. The 
crack length calculations at low crack lengths are more sensitive to compliance change 
than those at large crack lengths. A few percentage change in compliance at 2a/W close to 
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compliance at 2a/W close to 0.2 normally results in a slightly large change in the 
calculated crack length. 
 
 
Figure ‎4.23: Differences between ASTM E647 Equation and FE results with zero-notch when (a) 
































































η=0.8 η = 1.0 
η = 0.0 
η = 0.4 
η = 0.8 
η = 0.2 
η = 0.6 
η = 1.0 
η = .0 
η = .  
η = .  
η  .  
η  .  
η = 1.0 
(a) 
(b) 
      ‎Chapter 4 Improved Crack Length Expression for the DC(T) and the M(T) Specimens 
142 
 
4.3.4.3 Effect of notch geometry 
Figure ‎4.24 presents the effect of notch geometry for compliances measured at the notch 
face for the FE models with B/W = 0.02. The notch has a strong influence on the 
compliance when the crack length 2a is close to the notch length 2a0. The differences are 
relative to the compliances for h/W = 0. Compared with that for h/W = 0, the initial 
compliance at 2a/W = 0.2 increases by more than 11% for h/W = 0.05. 
Figure ‎4.25a and b show the resulting error in prediction using the ASTM E647 
equation for FE compliances taken at the notch face and η = 1, respectively. As the notch 
height increases from h/W = 0.01 to h/W = 0.05, the maximum error in prediction for 
compliances taken at the notch face increases from less than 2% to more than 9%. That 
for compliances taken at η = 1 shows less increases but always larger in magnitude, 
because the ASTM E647 equation is less accurate at η = 1. Figure ‎4.24 and Figure ‎4.25 
demonstrate the need to introduce a standard-sized notch and provide an accurate crack 
length expression for the M(T) specimen. 
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Figure ‎4.25: Error in prediction with ASTM E647 equation as the notch height increases for (a) 
gauge at notch face; (b) gauge at η = 1. 
4.3.4.4 Crack length expression with B/W = 0.02 and h/W = 0.05 
The present study for the compliance expression for the M(T) specimen follows the 
normalization parameter U suggested by Saxena and Hudak [100] For the bending type 
specimens, the value of U is bounded to zero when the crack length approaches the width 
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 The generation of the compliance equation first fits the curves in Figure ‎4.26 for 
each η values:  
   55 1 0 1, 2, ... , 21/ ...      for j i j i j jia W m U m U m        (4.23) 
The regression analysis determines the value of m by minimizing the sum of the weighted 
squared residual. The method has been described by Equation 4.8 and 4.9 in  
Section ‎4.2.4.2. 
To include different gauge length into the crack length expression, the coefficients 
m are expressed as a function of η: 
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   
  (4.24) 
As most tests would use displacement gauges corresponding to small η values, the 
regression analysis assigns more weight when η is small. The weight function is:  
  1/ 0.2 0.04 1jw j        (4.25) 
At the notch face when j is equal to 1, the weight is 5, and at the η = 1 or j = 21, the 
weight is 1. The end result is a 6x6 coefficient matrix of nmη in Table ‎4.7 for the M(T) 
specimen. Figure ‎4.27 presents percentage error frequency histograms for the crack 
length predictions by Table ‎4.7 relative to the crack lengths in the FE model. The 
percentage error is defined in the same way as that in Equation 4.11. In general, the 
regression approach fits the experimental data in good accuracy with the best fit at data 
points close to 2a/W = 0.2 and η = 0.05. Most data points are fitted with less than 0.25% 
absolute error. The average absolute error is 0.07%. The larger errors come from data 
point with large η and 2a/W values. If η is restricted to 0.7, the maximum over-prediction 
reduces to less than 0.5 and under-prediction less than 0.3%. 




Figure ‎4.26: Crack length as a function of U for B/W = 0.02 and h/W = 0.05. 
Table ‎4.7: Coefficient matrix for the crack length expression of the M(T) specimen with B/W = 0.02 
and h/W = 0.05. 
 m5 = f(η) m4 = f(η) m3 = f(η) m2 = f(η) m1 = f(η) m0 = f(η) 
nm5 -95.4989 -12.7638 8.38656 29.6111 -15.2736 1.98382 
nm4 -1881.32 2637.74 -1072.88 40.4256 57.9889 -8.72779 
nm3 -711.689 2599.65 -2982.87 1468.26 -329.308 27.6898 
nm2 502.546 -1545.92 1578.13 -712.777 149.836 -12.0041 
nm1 -243.026 548.056 -457.906 178.197 -33.2413 2.41884 
nm0 -204.950 431.450 -332.003 111.326 -16.7951 1.93400 
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4.3.4.5 Effect of specimen thickness 
Figure ‎4.28a-c present the effect of specimen thickness for the M(T) specimen with the 
compliance measured at the notch face, η = 0.2, and η = 0.4, respectively. The thicknesses 
range from B/W = 0.01to B/W = 0.25 with B/W = 0.01 as the reference. Thickness of B/W 
= 0.25 is the upper thickness limit specified by ASTM E647 [4]. The compliance 
measured at the notch face (h/W = 0.05) increases by less than 3% at 2a/W close to 0.2 
when the specimen thickness changes from B/W = 0.01 to B/W = 0.25, and decreases as 
2a/W increases. For compliance measured with larger gauge lengths, the trend over 2a/W 
is the same, but the relative differences are much smaller. The specimen thickness 
imposes a very insignificant influence on the compliance when the gauge length is larger 
than 0.2W. Figure ‎4.28d shows the crack length difference when using Table ‎4.7 in 
calculating crack length with the corresponding compliances in Figure ‎4.28a. The 
coefficients in Table ‎4.7 fits data for B/W = 0.02. Calculations of crack length for 
specimens of larger thickness up to B/W = 0.1 using the coefficients in Table ‎4.7 result in 
the maximum error of about 1% over-prediction. For specimens of very large thickness 
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Figure ‎4.28: Effect of specimen thickness for compliance measured at (a) the notch face; (b) η = 0.2; 
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4.3.4.6 Effect of Poisson’s ratio 
Figure ‎4.29 and Figure ‎4.30 present the effect of Poisson’s ratio on the measured 
compliance with respect to υ = 0.3 for B/W = 0.02 and 0.25, respectively. Comparatively, 
the effect of Poisson’s ratio is more pronounced at B/W = 0.02 with large gauge lengths (η 
= 0.4 and 0.8) and at B/W = 0.25 with gauge at the notch face (η = 0.05). Overall, the 
change in compliance as a result of change in the Poisson’s ratio is small. The relative 
change in compliance is less than 1% at a/W close to 0.2. At large crack lengths, the 
compliance values experience slightly larger changes, but the calculated crack lengths are 
getting less and less sensitive to such small changes in compliance as a/W increases. The 
maximum over-prediction and under-prediction using Table ‎4.7 for data in Figure ‎4.29b 












Figure ‎4.29: Effect of Poisson’s ratio on compliance for h/W = 0.05, B/W = 0.02 and (a) η = 0.05; (b) η 
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Figure ‎4.30: Effect of Poisson’s ratio on compliance for h/W = 0.05, B/W = 0.25 and (a) η = 0.05; (b) η 
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This part of FE study focuses on the effect of notch height, specimen thickness, and the 
Poisson’s ratio on the measured compliance, and evaluates the accuracy of the ASTM 
E647 crack length expression [4]. The study supports the following conclusions: 
1. The uniform stress and the uniform displacement loading conditions are equivalent. 
The difference in the experimental results for the ASTM E647 compliance 
expression derivation is a result of different specimen length instead of the difference 
in the above loading conditions. The FE study shows that the specimen length, L/W, 
should be maintained at 1.5W for the uniform displacement loading.  
2. The gauge length unifying parameter in the ASTM E647 equation provides 
approximate crack length predictions of good accuracy. The FE results show that the 
ASTM E647 equation is less accurate at low crack lengths. The difference in the 
crack length prediction over different gauge length can be up to 8% at a/W = 0.2 with 
h/W = 0. 
3. The study demonstrates that the initial notch size has a large influence on 
compliances at near-notch crack lengths and proposes a standard notch geometry for 
the M(T) specimen. The proposed polynomial expression for the standard notch 
geometry provides crack length predictions of improved accuracy as compared with 
that from ASTM E647 equation. 
4. The specimen thickness can influence the near notch compliance and crack length by 
less than 3% for thickness up to B/W = 0.25. For thickness up to B/W = 0.1, the effect 
of thickness on the crack length calculations can be neglected. 
5. The Poisson’s ratio imposes a very minor influence on the crack length calculations. 




In this chapter, the relationship between the unloading compliance and the crack length 
for the DC(T) specimen and the M(T) specimen have been studied through detailed FE 
analyses. The study covers various parameters that influence the unloading compliance. 
The proposed crack length expressions for the DC(T) specimen and the M(T) specimens 
provide more accuracy in crack length predictions than those obtained from the existing 
crack length expressions.  
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Chapter 5 Residual Strength Tests of 
Cracked X-joints under In-plane Bending 
5.1 Introduction 
Many codes and standards for the strength of intact tubular joints can find their basis on 
an experimental database in the 1980s reviewed by Yura et al. [71]. With the recent 
significant additions of experiments on intact tubular joints, the design codes and 
standards have been updated to incorporate the increased experimental database [67, 114-
116]. During service, cracks can develop at the hot-spot stress locations in critical joints 
of a structure. However, the design provisions for cracked tubular joints still rely upon a 
very limited number of experiments. Kurobane [117] and Gibstein [118, 119] conducted 
early investigations into the remaining strength of fatigue cracked K-joints and T-joint, 
respectively. Machida et al. [120] investigated the strength of T-joints designed to 
produce failure by brittle fracture. Skallerud et al. [121] compared the residual strength of 
numerical simulations and two tests on T-joints. The experimental study by Burdekin and 
Frodin [122] involved model scale tests on X-joints of different β values with through-
thickness cracks in the chord at the weld toe up to 33%. Cheaitani and Burdekin [123] 
carried out tests on K-joints of similar β values and crack sizes. Hadley et al. [124] and 
Klasen et al. [125] covered large-scale experimental tests of X-joints under out-of-plane 
bending with both surface cracks and through-thickness cracks. The work by Ting and 
Moffat [126] involved another set of cracked X-joints under out-of-plane bending. Zerbst 
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et al. [127] presented test results of the research work at GKSS on thick-walled T-joints 
with notched surface cracks. Talei-Faz et al. [128] investigated the performance of 
cracked high strength steel tubular joints. Table ‎5.1 summarizes the test results on 
residual strength of cracked steel tubular joints. The types of joints investigated do not 
include any large-scale cracked X-joints under in-plane bending. In addition, a large 
number of tests focus on through-thickness cracks. Further, a large portion of the tests 
uses model scale joints which are usually over welded due to limited sizes in welding 
wires. No experimental information is available on the residual strength of cracked 
tubular X-joints under in-plane bending. This chapter presents experimental tests of five 
large-scale cracked X-joints under in-plane bending.  
Table ‎5.2 lists the geometric parameters of the joints. The material properties of 
the joints have been presented in  Chapter 3, except for J2-1GF as the work is still on-
going at the time of thesis submission. All the joints are simple joints without 
reinforcement or strengthening by joint can and grouting, except J2-1GF with its chord 
grouted by high-strength concrete. The first four joints in Table 5.2 are part of the 
Enhanced Partial Joint Penetration (PJP+) project whose main aim is to investigate the 
fatigue performance of the welded tubular joints following the PJP+ weld definitions. The 
practices in complete joint penetration welds in offshore jackets require specialized 6GR 
welders and stringent quality control on the contour bevel and joint fit up. The PJP+ 
welds are designed to reduce the workmanship requirement on the welding procedure and 
improve the quality control of the welded joint by including a portion of the brace wall as 
the inherent back-plate for the welds while achieving satisfactory fatigue performance. 
Figure ‎5.1 illustrates the experimental setup for the PJP+ joints. The fifth joint, named as 
XN1, is a thick-walled high strength steel X-joint with complete joint penetration welds. 
The X-joint specimen contains a pre-fabricated notch with fatigue-nucleated cracks along 
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the root of the notch. Figure ‎5.2 shows the experimental setup up for XN1.  The 
experiments on fatigue performance of the four PJP+ X-joints were mainly carried out by 
Yuthdanai Petchdemaneengam, Nguyen Chien Thang, and Kittikun Jitpairod, while the 
author of this thesis had a main role in the ultimate strength tests for the PJP+ X-joints 
presented in this thesis. Li Ya and the author of this thesis co-performed the test on the 
XN1 joint. The creditors listed above were research students and staff at the National 
University of Singapore during different phases of the PJP+ project. 
 
Figure ‎5.1: Illustration of PJP+ joints. 
 
Figure ‎5.2: Illustration of thick-walled X-joint XN1. 
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α β γ τ 
J1-1F 750 25 1750 406 12.5 60 4.67 0.54 15.0 0.50 
J1X-F 750 25 1750 406 12.5 60 4.67 0.54 15.0 0.50 
J1-2F 750 25 1750 406 12.5 60 4.67 0.54 15.0 0.50 
J2-1GF 750 25 1750 406 25 60 4.67 0.54 15.0 1.00 
XN1 355.6 27.8 1500 244.5 24 90 8.44 0.69 6.4 0.86 
 
5.2 Residual strength test of cracked PJP+ X-joints 
5.2.1 Test Methodologies 
The PJP+ X-joint specimens are fatigue-cracked before conducting the residual strength 
test. Joints with fatigue cracks instead of notched cracks represent the realistic fatigue-
damaged joints in real structures. For fatigue crack, the experimental program of the PJP+ 
project tests each specimen twice under fatigue loads. The first fatigue test stops when the 
main crack propagates to 80% of the chord wall thickness. Then, the specimen is flipped 
over to test the welds on the other side. The flipping switches the tension side and 
compression side of the specimen. Figure ‎5.3 illustrates the experimental setup for the 
fatigue tests and residual strength tests of the PJP+ joints. All the PJP+ joints include a 
brace misalignment that causes the left brace to tilt down 19 mm at the left brace-to-chord 
intersection in the flipped configuration (Figure ‎5.4b). For J1-1F and J1X-F, the fatigue 
loads have a load ratio of 0.1 and a maximum applied load of 235 kN. For J1-2F, the 
fatigue load range is 20 kN to 180 kN. The fatigue load is applied through a 2000 kN 
Instron Actuator at a frequency of 0.5 Hz (Figure ‎5.3). The alternative current potential 
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drop (ACPD) device monitors the crack growth. ACPD is an electrical-magnetic non-
destructive test method that can determine the depth of a surface crack by measuring the 
potential (voltage) difference over a crack and a non-cracked material close to the crack. 
The in-plane bending action is applied by pushing down the chord. The loading fixture 
transfers the load from the actuator to the chord. The loading fixture consists of an inner 
tube that fits into the chord, an outer curved plate that flushes on the outer surface of the 
chord, a cover plate that covers the top end of the chord, and load-transfer diaphragms 
(Figure ‎5.4a). The design of the loading fixture makes it detachable and thus allows all 
the PJP+ joints to share the same loading fixture due to the invariant geometry of chord. 
The load-line passes through the geometric centre of the joint. A steel diaphragm plate is 
welded into the brace at each of the brace supports to prevent excessive local deformation 
or local buckling of braces at the supports (Figure ‎5.4a). The residual strength test pushes 
the X-joint to failure, followed by the post-test examination which mainly consist of 
sectioning of the tested joint to reveal the details of the cracks at the weld toe and other 
features that are of interest of the project, e.g. weld profiles, failure mode,  and presence 
of weld root cracks if any. 
 
Figure ‎5.3: Loading condition for PJP+ joints. 







Figure ‎5.4: Illustration of the reusable loading fixture for PJP+ joints and the misalignment of the 
brace. 
5.2.2 Instrumentations 
Linear strain gauges are attached to the brace surface at locations away from the brace-to-
chord intersection where the stress is expected to remain in the elastic range when the 
joint reaches its ultimate capacity. The purpose of linear gauge readings is for load 
calibration by converting the strain on the brace surface to the equivalent force applied 
and comparing with the load registered by the load cell. Their positions are shown in 
Figure ‎5.5. Linear strain gauges S4 and S8 are on the rear side of the brace, and S2 and S6 
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are on the front side.  Rosette gauges are attached to the surface of the brace and chord at 
a distance of 2 cm away from weld toe around the brace-to-chord intersection to monitor 
the interactions between the chord and the brace. The actual locations for the rosette 
gauges in each joint depend on the profiles of the fatigue cracks.  
The load-line displacement, the brace in-plane rotation, the chord out-of-plane 
rotation, the translation at the two brace ends are monitored by Linear Variable 
Differential Transformer (LVDT) displacement transducers (Figure ‎5.5). T1 and T2 
measure the deformations of the two braces under bending. T3 to T6 measure the 
displacements of the left support and right support relative to the ground. The load-line 
displacement is measured by T7 and T8. In addition, T10, T11, and T12 measure the 
chord ovalization at the point of compression action, neutral point, and the point of 
tension, respectively. Different from all other transducers, these three transducers are 
mounted inside the chord. T9 monitors the out-of-plane rotation of the joint. At any point 
when T9 registers a displacement larger than 2 cm, the test shall terminate intermediately 
as the test is designed to introduce in-plane bending only. Another concern is safety as 
there is in-built constraint for out-of-plane rotation of the joint. Steel chains are always in 
place but only effective at relatively large rotations.  
Along the fatigue cracks at the weld toe, ACPD probes are mounted. The ACPD 
probes, as indicated in Figure ‎5.6a, consist of copper wires of 0.8 mm in diameter and 
about 12 mm in length spot-welded to the surface of the material and connected to the 
ACPD microgauge system through shielded twisted pair (STP) cables. Each crack length 
measurement point consists of two pairs of probes and STP cables, one measuring the 
cross-crack voltage ( cV ) and the other the reference voltage ( rV ) that is adjacent to the 
crack (Figure ‎5.6b). The application of ACPD assumes a uniform electric field in between 
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the probes of a measurement point and makes use of the skin effect of the alternating 
current which only travels along the skin (free surface) of a material. The crack depth, a, 











  (5.1) 
where rS  and cS  are the distance between probes for the reference voltage and cross-
crack voltage, respectively. If  10r cS S  mm, which is the case in the present study, the 









  (5.2) 
 
Figure ‎5.5: Illustration of instrumentations for the residual strength test of PJP+ joints. 




(a)                                                            (b) 
Figure ‎5.6: (a) ACPD probes installed on a PJP+ X-joint; (b) illustration of ACPD setup. 
5.2.3 Residual strength test of J1-1F 
Figure ‎5.7 plots the load versus load-line displacement of J1-1F under residual strength 
test. The failure occurs before the load-displacement curve develops a plateau which is 
usually seen for joints failed by plastic collapse under bending.  The joint attains its 
maximum load of 732 kN at a load-line displacement of 42.1 mm. Further loading 
increases the displacement to 44.5 mm, and the load drops to 712 kN when the joint fails 
by sudden brittle failure in the brace at the left brace-to-chord intersection with through-
thickness propagation and side-ways extension of the fatigue cracks in the brace.  
Figure ‎5.8 shows the joint before and after the final failure. The fracture causes 
separation of more than two thirds of the brace cross section. The fracture initiates from 
the lower Crown Point of the brace-to-chord intersection and propagates towards the 
upper Crown Point. As the fracture propagates, it deviates from the weld toe when there 
is no fatigue crack at the weld toe. Figure ‎5.9 shows the close-up of the separated brace 
section. The dark surfaces on the separated brace cross section correspond to the fatigue 
crack surfaces, and the fresh and light-coloured surfaces are formed by ductile tearing of 
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side of the joint (Figure ‎5.8b). When there is a fatigue crack present, the fracture surface 
does not follow the plane of the fatigue crack surface but resembles a shear plane. At 
locations where there is no fatigue crack present, the fracture surface changes direction 
and becomes perpendicular to the brace wall. Figure ‎5.9b illustrates the failed brace view 
from the rear side. On the rear side of the joint, there is also a crack at the weld toe on the 
chord. Figure ‎5.9c highlights the detail A of Figure ‎5.9b. The zigzag pattern of the fatigue 
surface in Figure ‎5.9c indicates that the fatigue crack is formed by multiple small cracks 
initiated at the weld toe and growing into the wall at slightly different orientations before 
they join to form a big crack.  
Figure ‎5.10 presents the readings from the eight linear strain gauges attached on 
the brace surface remote to the brace-to-chord intersection. The linear strain gauge S1 




 of the 
braces give similar but lower readings, which might be caused by minor out-of-plane 
orientation and misalignment with respect to the plane of the joint. Figure ‎5.10 shows that 
the braces are almost under elastic bending throughout the test at locations remote from 









. Back calculation of the applied force is based on the 
readings from S1 with the assumption of elastic bending. Figure ‎5.11 shows a good 
agreement between the load registered by the load cell and the load derived from strain 
measurements on the outer wall of the brace. The decreases in the strain gauge readings at 
the end of the test correspond to the decrease in the applied load with increasing 
displacement and the ductile tearing of the cracks before fracture. 
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(a)                                                       (b) 
 
(c) 
Figure ‎5.9: (a) failed brace view from the frond side of the joint; (b) failed brace viewed from the rear 
side; (c) detail A in (b). 
 































Figure ‎5.11: Comparison of load feedback from load cell and load derived from linear strain gauge 
with the assumption of elastic bending of the brace. 
Figure ‎5.12 shows the existing fatigue profile on the left brace of J1-1F prior to 
the residual strength test and the final crack profile before fracture. The difference 
between the two profiles attributes to the ductile tearing of the brace under large loadings. 
The amount of ductile tearing is larger near the crown point. Although the short chord of 
J1-1F shifts up the hot-spot locations away from the lower crown points (ρ = 180o) for the 
fatigue test, the highly stressed regions under ultimate loading condition are still at the 
lower crown points. The detailed crack depth profiles in Figure ‎5.12 are measured by 
digital calliper as part of the post-test examination (PTE). The PTE first dismantles the 
brace-to-chord intersection from the tested joint by torch cutting, then cuts the brace-to-
chord intersection into smaller sections to investigate the details of the cracks and the 
mode of failure (Figure ‎5.13a).  Figure ‎5.13a corresponds to the section indicated as X-X 
in Figure ‎5.9a in the un-sectioned joint. In the case of J1-1F, the separation of the left 
brace full exposes the cracks on the left brace and allows accurate measurement of the 
crack profiles (Figure ‎5.13b). The humid weather in Singapore causes the ductile tearing 
surface to rust much faster than the fatigue crack surface in front and the final fracture 
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surface (Figure ‎5.13c). The chord crack depth can only be measured from the cross 
section of the sectioned joint (Figure ‎5.13d). Figure ‎5.14 compares the results from 
indirect measurement of crack profile by ACPD and direct measurement by calliper. The 
ACPD provides good accuracy in measuring fatigue crack depth, except at the two 
deepest points along the crack front where the ACPD over-estimates the crack depth by 
about 2 mm. 
 There are also fatigue cracks developed on the chord at both brace-to-chord 
intersections. Figure ‎5.15 and Figure ‎5.16 show the chord fatigue profile at the right and 
the left brace-to-chord intersection, respectively. The maximum chord fatigue crack depth 
at the right brace-to-chord intersection is 10.6 mm at the front side (ρ <180o), and that at 
the left is 19.8 mm at the front side (ρ <180o). 
 
































(a)                                       (b)               
  
(c)                                                            (d)               
Figure ‎5.13: (a) sectioning of J1-1F; (b) measurement of brace crack depth by digital calliper; (c) 
distinct appearance of the ductile tearing surface; (d) chord fatigue crack view from the cross section 
of the sectioned joint. 
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Figure ‎5.15: Chord fatigue crack profile at the right brace-to-chord intersection of J1-1F. 
 
Figure ‎5.16: Chord fatigue crack profile at the left brace-to-chord intersection of J1-1F. 
Figure ‎5.17 shows the recordings from the rosette strain gauges on the chord 
surface at the lower crown points. Each strain gauge has three components, with 
component 1 (C1) perpendicular to the weld toe, component 3 (C3) parallel to the weld 
toe, and component 2 (C2) on the angle bisector of the former two. The chord strain 
component perpendicular to the weld toe at the left crown point is three times higher than 
that at the right before the fracture. This is caused by the presence of the brace crack at 
the left brace-to-chord intersection. The brace crack depth increases from a depth of 0 
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crack deforms by crack opening, and the contribution to resisting the bending is not as 
effective as if there were no crack. The high strain readings at  = 180o on the chord also 
supports the observation of ductile tearing at this region.  
Figure ‎5.18 shows the rosette recordings on the chord surface near the chord crack 
at  = 225o at the left brace-to-chord intersection. The second and third components of the 
strain gauge jump at the applied load of 633 kN, which corresponds to the fracture sound 
heard during the test. In contrast, the strain component perpendicular to the weld toe 
shows no sudden change. Figure ‎5.18 suggests that the fracture at 663kN does not occur 
in the chord crack but in the brace crack at the left brace-to-chord intersection. 
Figure ‎5.19 shows the strains at the top crown points on the brace. The strains are small 
compared with those at the lower crown points on the chord, except that before the failure, 
the strains on the left brace at the top crown point increase sharply. 
Figure ‎5.20 shows the chord deformation of J1-1F at the three locations indicated 
in Figure ‎5.5 . The chord ovalization is the ratio of the radial in-plane chord deformation 
over the chord outer diameter, and brace tension results in positive ovalization. The 
deformation of the chord at the upper left crown point or the lower right crown point is 
almost zero, which is expected as bending causes the upper left crown point to deform the 
chord radially inward in the plane of the joint while the lower right crown point radially 
outward. Chord ovalization at T10 is less than that at T12. This is because the 
deformation of the chord at the top of the joint is restrained by the loading fixture. The 
deformations at the three locations around the brace-to-chord intersection, with the 
maximum being 1.6%, are within the Lu’s deformation limit [72]. 




Figure ‎5.17: Rosette gauge readings on the chord at the lower crown points of J1-1F. 
 
Figure ‎5.18: Rosette gauge readings near the chord crack at the left brace-to-chord intersection. 
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Figure ‎5.20: J1-1F chord ovalization. 
5.2.4 Residual strength test of J1X-F 
The failure mode of J1X-F is lamellar splitting in the chord instead of through-thickness 
brittle propagation of the large fatigue cracks. The lamellar splitting runs parallel to the 
chord plate. ‎Chapter 6 will discuss the results for the residual strength test of J1X-F and 
the subsequent investigations on the lamellar splitting incident. Figure ‎5.21 shows the 
ovaliztion of the chord for J1X-F. The maximum chord ovalization at failure is 1.6% 
which is less than the Lu’s chord deformation limit of 3% of the chord diameter [72]. 
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5.2.5 Residual strength test of J1-2F 
The failure mode of J1-2F is plastic collapse by in-elastic local buckling of the brace at 
the top crown points. To investigate the joint behaviour under repeated large loads, the 
experimental program conducts several cycles of unloading/reloading under large 
deformation. The total number of unloadings performed is twenty one. The unloading 
procedure holds the previous attained load for 15 seconds and then reduces the load by 30% 
from the previous attained load. The reloading procedure then holds the reduced load for 
15 seconds and increases the load again by increasing the displacement at a constant rate. 
The peak load of the joint is 978 kN at a load-line displacement of 123.2 mm. The test 
terminates at a load line displacement of 185 mm due to excessive deformation and 
progressive buckling of the braces. Figure ‎5.22 shows the load-displacement history of 
J1-2F. 
The local buckling of the brace started at the top right crown point. By the end of 
the test, the left brace also starts to buckle but is less severe compared with the right brace. 
Figure ‎5.23 illustrates the conditions of the braces before the final unloading. The X-joint 
is initially painted with whitewash. The falling of whitewash indicates large plastic 
deformation. The whitewash falling at the middle section of the right brace in the figure, 
however, is due to an oily surface. Figure ‎5.24 depicts the rosette gauge readings at the 
top right crown point. The rosette gauges for the brace and the chord are both at a 
distance of 2 cm from the weld toe (measured from the weld toe to C3). The strain on the 
brace surface increases rapidly after 700 kN, while that for the chord shows no rapid 
increase. 
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Figure ‎5.25 shows the chord ovalization of J1-2F. At the maximum load of 978 
kN, the in-plane radial deformation of the chord at the tensile side reaches exactly 3%, 
which is the Lu’s deformation limit [72]. 
Figure ‎5.26 and Figure ‎5.27 indicate the locations and depths of the J1-2F fatigue 
cracks. For J1-2F, the fatigue cracks only develop in the chord and are less than half of 
the chord wall thickness. The maximum depth of the chord crack at the left brace-to-
chord intersection is 11.5 mm at  = 130o, while that at the right intersection is 6.1 mm at 
 = 148o.  
The experimental program for J1-2F utilizes small transducers to measure the 
crack mouth opening displacement (CMOD). The near crack compliance is defined as the 
ratio of the CMOD over the applied load. Figure ‎5.28 labels the locations of the small 
transducers as the crack mouth opening displacement gauges. For example, CL135 stands 
for a location on the chord member at the weld toe at the left brace-to-chord intersection 
with a brace angle of 135
o
. Data channels for CL125 and CR165 connected to an 
oscilloscope with data density of 50 takes/second. Figure ‎5.29 shows the CMOD 
recordings at CL125 and CR165. These data include a significant amount of noises. Data 
channels for CL135 and CR150 are connected to the data logger. These two channels, 
together with those for all other strain gauges and transducers except CL125 and CR165, 
have a sample rate of 4 readings/minute. Figure ‎5.30 shows the CMOD readings at 
CL135 and CR150. Figure ‎5.31 shows the near crack compliance data for J1-2F. The near 
crack compliance stays almost the same for CL125 and CR165. 
Figure ‎5.32 shows the section of the tested joint at the location of the deepest 
crack. The deformation of the crack is about 1.5 mm and agrees with the CMOD 
measurement. The sectioning reveals no observable ductile tearing. 




Figure ‎5.22: Load-displacement behaviour of J1-2F under residual strength test. 
 
Figure ‎5.23: Brace local buckling of J1-2F. 
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Figure ‎5.25: J1-2F chord ovalization. 
 
Figure ‎5.26: J1-2F chord fatigue crack at the left brace-to-chord intersection. 
 
































































Angle from brace crown (deg) 




Figure ‎5.28: Small transducers for measuring crack mouth opening displacements of J1-2F. 
 
Figure ‎5.29: J1-2F load versus CMOD at CL125 and CR165. 
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Figure ‎5.31: Compliance data of the main cracks in J1-2F. 
 
Figure ‎5.32: Sectioning of J1-2F showing the point with the deepest crack. 
5.2.6 Residual strength test of J2-1GF 
This part covers the residual strength test of a chord-grouted X-joint containing fatigue 
cracks, named as J2-1GF. Figure ‎5.33 shows the load-line displacement of J2-1GF under 
residual strength test. The test performs a total of 10 unloading and reloading cycles 
followed by a complete unloading. There are two kinks in the load-displacement plot 
corresponding to two fracture events of the joint each giving large fracture banging noise. 
The first kink occurs at a load of 792 kN and a displacement of 11.5 mm when the 
loading curve is still approximately linear. The first bang is also reflected in the strain 
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readings from both the chord surface and the brace surface at  = 180o at the left brace-to-
chord intersection. The jump of surface strain values at the first bang is more pronounced 
for the chord than the brace. At other location in the joint, either the jump in strain 
measurement at the material’s surface is not as significant or there is no jump. Eye 
inspection does not find any apparent sign of surface crack extension in depth or in width. 
The sectioning of the joint after the test suggests most likely that the first bang 
corresponds to the lamellar splitting in the chord material at the left brace-to-chord 
intersection. The second kink occurs at a load of 1630 kN and a displacement of 30 mm. 
At the second bang, the crack has deformed open, and eye observation could reveal the 
lamellar splitting. Figure ‎5.35a to d illustrate the crack deformation around  = 190o at the 
left brace-to-chord intersection at 800 kN, 1200 kN, 1600 kN, and 2000 kN, respectively. 
The maximum load attained is 2097 kN, which is the capacity of the actuator. The test 
does not push the displacement further. At the maximum load, the left brace shows minor 
tendency of local buckling at the compression side, as illustrated in Figure ‎5.36. 
Figure ‎5.37 shows the main crack of J2-1GF measured after sectioning of the 
tested joint. The main crack locates in the chord at the left brace-to-chord intersection. 
The maximum depth of the fatigue crack is 14 mm at  = 200o. The crack extends during 
the residual strength test, and the resulting maximum crack depth is 14.2 mm at  = 195o. 
The crack could not extend further once it cuts across the lamellar splitting surfaces that 
form before significant extension of the fatigue crack. Table ‎5.3 presents the area of the 
chord crack and the remaining area of the brace-to-chord intersection without considering 
the lamellar splitting. The residual strength test increases the crack area from 5.4% to 
8.4%. Figure ‎5.38 shows a section of the joint that includes the fatigue crack, ductile 
tearing of the crack, and lamellar splitting in the chord material. The deformation of the 
chord is much localized due to the presence of the in-filled concrete. Figure ‎5.39 presents 
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the depth of the lamellar splitting as a distance in the through-thickness direction 
measured from the outer surface of the chord. The splitting is at about the middle 
thickness of the chord near the lower crown point and converges to the chord outer 
surface as the location moves away from the lower crown point. 
 
Figure ‎5.33: Load-displacement behaviour of J2-1GF under residual strength test. 
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(a)                                                    (b) 
   
(c)                                                    (d) 
Figure ‎5.35: Crack deformation around  = 190o at the left brace-to-chord intersection at (a) 800 kN; 
(b) 1200 kN; (c) 2000 kN. 
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Figure ‎5.37: J2-1GF chord crack profiles at the left brace-to-chord intersection. 
Table ‎5.3: J2-1GF chord crack area. 
 Crack area (%) Remaining area (%) 
Chord fatigue crack 5.4 94.6 
Chord crack after 
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Figure ‎5.39: Depth of lamellar splitting in J2-1GF measured from the outer surface of the chord. 
5.3 Residual strength test of cracked high-strength thick-walled X-
joint XN1 
Figure ‎5.40 Details of the pre-fabricated notch in XN1. Figure ‎5.41 shows the details of 
the pre-fabricated notch. The initial notch locates near the crown point on the chord with 
an area equal to about 5% of the area of the brace-to-chord intersection and a maximum 
depth of 10 mm. The profile of the notch follows a straight line, extending across the wall 
of the chord member in a direction perpendicular to the longitudinal axis of the chord 
member. The root radius of the prefabricated crack is 0.2 mm and the angle for the cutting 
notch is 60°. The total length of the crack measured along the surface of the chord is 
116.6 mm. The design of the crack is such that there would be a competition between 
plastic collapse and fracture failure. The entire test procedure separates into two phases: a 
cyclic test to initiate a fatigue crack along the root of the notch and a residual strength test 
on the fatigue cracked joint specimen. The objective of the precrack test is to nucleate and 
grow a new fatigue crack at the root of initial crack driven by cyclic in-plane bending 
loads. In the second phase of the test, the ductile crack extension and the residual strength 
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Figure ‎5.40: Main dimensions of XN1. 
 
Units: mm 
Figure ‎5.41: Details of the pre-fabricated notch in XN1. 
5.3.1 Setup for fatigue-cracking 
The X-joint is mounted on the 2000 kN actuator rig with cyclic load applied on the top of 
the chord. Equal bending moments from the brace arms are generated to initiate the 
fatigue crack propagation near root of the initial notch at the crown location which 
experiences high stress-concentration effects. Two brace ends of the joint are supported 
by two saddle supports. The right saddle support is located on a roller table that allows 
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restrains the joint from all horizontal and vertical movements. Figure ‎5.42 shows the 
actual experimental setup for precrack test. 
Before the precrack test, the joint has been modified by including two circular 
plates (25 mm thickness each) at both ends of the braces and a circular plate at the top end 
of the chord to avoid severe distortions in the cross section of the CHS members caused 
by the highly concentrated reaction force. The loading fixture is also topped up by an 
extension, “I” shape universal column (stiffened by two steel plate), in order to 
accommodate the travel of the applied load in the vertical direction. 
Both ACPD microgauge system and strain gauge type transducers with a full scale 
range of 5 mm are utilized to monitor the crack initiation and propagation during the 
precrack test as shown in Figure ‎5.42. ACPD fixed probes are located along the length of 
the initial crack. The probes are spot welded onto the chord surface so that the crack 
would be located between two the legs of the probe. The third leg is spot welded at a 
nearby position to measure the voltage of a surface without a crack, using as the reference 
voltatge. Two pairs of 5-element strip strain gauges are installed at the crown positions at 
the different sides of the initial notch to measure the stress concentration factor (SCF) at 
the weld-toe during the precrack test (Figure ‎5.42). Besides, transducers are used to 
measure both the out-of-plane rotation and displacements of the brace at predetermined 
locations as well as the load-line displacement.  




Figure ‎5.42: Setup of XN1 for precrack test. 
5.3.2 Fatigue-cracking procedures 
Prior to the cyclic precrack test, preloading is performed to assure that no significant out-
of-plane displacement exists and the supports are in the right positions. In this phase, the 
rate is kept at 0.5 mm/min for both loading and unloading operations. The preloading 
applies loads to 300 kN and unloads to 10 kN for three cycles. The maximum load in each 
cycle is held for 30 minutes to record the hysteresis loop for SCF and check any possible 
creep evidence on the crack and the joint. 
For the fatigue precrack test, the fatigue cycles have an amplitude of 90 kN and a 
frequency of 1 Hz while the maximum and minimum loads are 200 kN and 20 kN 
respectively (Figure ‎5.43) which give a load ratio of 0.1. The maximum load in the 
fatigue pre-cracking generates a crack driving force in the range of 20 -30 MPa m . 
During the test, the initial surface crack is closely monitored and the readings of COD 
transducers and ACPD are also carefully observed from time to time. After the test, the 
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depth of the new fatigue crack is measured manually by the ACPD probes along the crack 
length. 
 
Figure ‎5.43: Cyclic load for fatigue precrack of XN1. 
5.3.3 Setup and instrumentation for the residual strength test of cracked XN1 
After the fatigue test, the instrumentation on the joint is adjusted for the ultimate load test. 
The X-joint is still mounted on the 2000 kN actuator rig in the same manner as the 
precrack. This test shares the same boundary conditions with the precrack test. The 
transducers and strain gauges are re-arranged according to the set-up shown in 
Figure ‎5.44 . Both single strain gauges (i.e. linear strain gauges) and rosette strain gauges 
are used for the measurement of strains. The single strain gauges locate on the braces and 
measure the nominal strain caused by the elongation of the brace, while the rosette strain 
gauges are placed along the weld-toe to record the strain components in three different 
directions.  Upon completing all the instruments, the joint is painted by the white wash. 
Grids are drawn on the joint surface to ensure a better visualization of joint deformation 




















Figure ‎5.44: setup and instrumentation for the residual strength test of cracked XN1. 
5.3.4 XN1 residual strength test procedures 
The monotonic load test is displacement controlled. The prescribed displacement 
increment is in the range of 0.5-0.7 mm/min. In the preloading phase, the joint is loaded 
to 400 kN for three times to verify the readings of all transducers and strain gauges. The 
out-of-plane rotation and the horizontal levelling of the specimen are examined by 
transducers throughout the test to trace the joint performance as compared with those 
conducted in the pre-test numerical simulation. After that, the specimen is loaded until the 
readings of the COD transducer at the centre reach 0.25 mm and the applied load is 
recorded as P1. After about 20 seconds, the specimen is unloaded to 0.8 times of P1 and 
reloaded to P1. This step is repeated for 3 times. The specimen is then loaded until the 
readings of the COD transducer at the centre reach 0.3 mm. This loop is repeated until an 
obvious through thickness crack is observed or a 20% drop from the peak load is recorded. 
This guarantees that sufficient data have been collected. 
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5.3.5 Results and discussions 
5.3.5.1 Fatigue-cracking 
The first observation of fatigue crack initiating at the notch front is at about 50,000 cycles 
of fatigue load (Figure ‎5.45). With 100,000 fatigue cycles, the crack propagates to a shape 
shown in Figure ‎5.46. Table ‎5.4 shows the detailed crack profile after the precrack test. 
The crack depth at one point along the crack front equals the summation of notch depth 
and fatigue crack depth at the same point. Table ‎5.4 lists only one half of the crack due to 
a symmetric crack profile. The total area at the end of the fatigue crack equals 7.4% of the 
intact area along the brace-to-chord intersection region. 
 
Figure ‎5.45: Fatigue crack initiation at the notch front of XN1. 
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Table ‎5.4: Crack profile in XN1 after precrack test. 
  (degrees) * 0 1 2 10 14 17 19 22 25 27 
Depth a (mm) 0.0 1.2 2.2 8.9 11.5 13.1 14.2 15.0 15.6 15.9 
  (degrees) * 30 34 38 43 48 55 62 71 80 90 
Depth a (mm) 16.2 16.7 17.1 17.3 17.5 17.6 17.7 17.6 17.5 17.5 
* position along the local crack front (  ). 
 
 
5.3.5.2 Residual strength test 
Figure ‎5.47 shows the load-displacement response of cracked XN1 under the residual 
load test. The displacement is the load-line displacement measured by transducers with 
200 mm travel. The maximum load attained is 1864 kN at a load-line displacement level 
of 49 mm, which is also the load corresponding to the fracture event. The corresponding 
brace rotation of 0.053 radian is far below the Lu’s deformation limit [72]. The fracture 
causes an immediate drop in load to 1532 kN and increase in load-line displacement from 
49 mm to 51 mm. Following the fracture, a complete unloading is performed. The crack 
area has grown from a fatigue pre-cracked area of about 7.4% to a crack area of 9.0% of 
the brace-to-chord intersection area prior to the brittle failure, measured from the post-test 
sectioning (Figure ‎5.48). Figure ‎5.49 shows the large opening of the notch on the chord as 
a result of fracture that leads to through-thickness propagation of the crack with a loud 
sound. Figure ‎5.50 and Figure ‎5.51 present the crack opening displacement recordings 
across the main crack up to the fracture of XN1. Figure ‎5.52 shows the strain 
measurements perpendicular to the weld toe at the rear saddle point at the left brace-to-
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this location. As the crack advances deeper, the strain at the material surface continues to 
decrease. Figure ‎5.53a shows a typical etched section near the centre of the crack. The 
ductile crack extension deviates slightly from the direction of the fatigue pre-cracking, as 
illustrated in Figure ‎5.53b, which shows a close-up view of the crack in Figure ‎5.53a. 
Table ‎5.5 lists the crack propagation angle, f , for the fatigue pre-cracking and the 
subsequent crack extension angle, c , measured with respect to the plane perpendicular to 
the longitudinal axis of the chord member, as shown in Figure ‎5.53c. 
The loading action during the residual strength test causes three new cracks to 
develop on the chord along the weld-toe, one at the left brace-to-chord intersection and 
two at the right brace-to-chord intersection near the notch. Figure ‎5.54 labels the three 
cracks and their clock positions in the respective brace-to-chord intersection. Table ‎5.6 
shows the detailed dimensions of the three new cracks. The total area of the three cracks 
on the right side of the brace-to-chord intersection, prior to the final brittle failure, equals 
16.8% of the intact brace-to-chord intersection area. 
In summary, the X-joint has predominantly through thickness fracture failure at 
the pre-cracked position with plastic deformation near the brace-to-chord intersection. 
The residual strength recorded in the test equals 1864 kN, which is also the collapse load. 
New cracks along the weld-toes are found at an applied load level of 1380 kN with a clear 
effect on the distribution of local strain. The crack grows in both Modes I and II during 
the test, with Mode I loading dominant. In such a case, the specific strain gauges can 
serve as a good option to monitor and record the crack growth. Considerable amount of 
stable crack propagation can be tolerated before the brittle failure occurs. 




Figure ‎5.47: Load-displacement behaviour of XN1. 
 
 
Figure ‎5.48: (a) the amount of crack extension and the crack-front profile before and after ductile 
crack extension; (b) a typical post-test sectioned piece showing different surface characteristics for 
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Figure ‎5.49: Fractured chord of XN1. 
 
Figure ‎5.50: Load-COD relationship across the centre of the crack. 
 














































B: 2ϕ/π = 0.53; C: 2ϕ/π = 1.47  




Figure ‎5.52: Strain readings showing the initiation of a new cracking in XN1. 
 
Figure ‎5.53: (a) a typical etched section perpendicular to the prefabricated notch; (b) a close-up view 
near the through-thickness crack extension; and (c) definition of the fatigue crack propagation angle 
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Table ‎5.5: Crack propagation angles for the fatigue crack and the subsequent crack extension, 
measured with respect to the plane perpendicular to the longitudinal axis of the chord member. 
2ϕ/π 0.0333 0.267 0.344 0.611 0.678 1.00 1.59 1.66 1.96 































Figure ‎5.54: New cracks developed on the chord at the weld toe of XN1 during residual strength test. 
Table ‎5.6: Crack dimensions for the newly nucleated cracks C1 to C3 along the brace-to-chord 
intersection. 
Crack Location ρ (degrees) a (mm) c (mm) 0/crack wA L t  
C1 Left to brace-to-chord intersection o o125 ~ 242  18 260 9.5% 
C2 Right to brace-to-chord intersection o o192 ~ 252  18 135 7.3% 
C3 Right to brace-to-chord intersection o o110 ~ 160  2.5 113 0.5% 
 
 




Table ‎5.7 summarizes the residual strength of the five large-scale X-joints tested and the 
corresponding area of the cracks. The latest International Institute of Welding (IIW) [116] 
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In Equation 5.4, σc defines the axial stress in the chord, with a negative value 
corresponding to a compressive stress. Multiplying Equation 5.3 by a crack area reduction 
factor, ARF, provides the estimation of the strength for cracked joints. The crack area 
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The area reduction factor with m = 1 provides conservative strength estimations for the 
crack joints [129, 130] and has become a widely recognized criteria to determine the 
strength of cracked joints. However, the comparison of the area reduction factor with the 
recent experimental [131, 132] and numerical data [133] indicates that the net area 
reduction factor with m = 0 provides a close estimation for surface cracked joints. 
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Equation 5.3, derived from joint database consisting of mainly thin-walled joints, 
demonstrate a close fit for the strength of the thick-walled joints [134]. 
Equation 5.5 finds its basis on the experimental database of crack tubular joints 
which is described in the Introduction of this chapter and plotted in Figure ‎5.55. The 
vertical axis is the failure load, either by plastic collapse or fracture, over the HSE 
characteristic strength [135]. For the case of in-plane bending, The HSE characteristics 
strength [135] is in the same form as Equation 5.3, except that the constant term on the 
right side of the equation is 4.5 instead of 4.3 as adopted in the IIW joint strength 
equation [116]. The difference between the two design equations is 4.4%. The horizontal 
axis is the ratio of the crack area over the area of the brace-to-chord intersection. The 
experimental data show a trend of joint strength with absolute crack size dependence. The 
solid straight line in Figure ‎5.55 corresponds to Equation 5.5 with m = 0. The dotted line 
and the dash line in the same figure correspond to the value of β = 0.8 and β = 0.9, 
respectively, for the area reduction factor based on Equation 5.6.  
The joints tested in the present study contribute five additional sets of data to the 
existing database. Figure ‎5.56 summarizes the load-displacement behaviour of PJP+ J1 
series under residual strength test excluding the unloading/reloading actions for J1-2F. 
The X-joint J2-1GF is a chord-grouted joint, and hence should be treated separately. 
Table ‎5.7 presents the total crack area prior to final failure and the residual strength of the 
five X-joints. When there are cracks at both right and left brace-to-chord intersections, 
two crack sizes are listed.  
For consistence, the joint strength calculation in the thesis employs the IIW joint strength 
equation [116]. The intact strength of J1 joints calculated from Equation 5.5 is 1260 kN. 
The plastic collapse of the intact J1 joints is governed by the member failure, or more 
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specifically by buckling of the brace. In addition, the experimental setup favours buckling 
at upper right crown point instead of the upper left crown point, as evidenced by J1-2F, 
although the distance between the left support and the upper left crown point (1620 mm) 
is longer than that between the right support and the upper right crown point (1390 mm). 
The bending moment based on the plastic section modulus of the brace and a yield stress 
of 355 MPa equals 680 KNm. Assuming that the half span of the bending is equal to the 
distance between the upper right crown point and the right support, the plastic collapse 
load of J1 joints, based on the plastic section modulus of the brace, equals 980 kN. For 
the grouted joint J2-1GF, an established design equation for the strength of intact grouted 
joint is not available, and the material properties for the brace of J2-1GF still need to be 
investigated. At current stage, the strength prediction assumes the brace material and the 
chord material are from the same plate and have the same material properties, since they 
share the same thickness. The plastic collapse load of J2-1GF, based on the plastic section 
modulus of the brace, equals 2200 kN. The intact strength of the thick-walled high 
strength steel joint XN1, based on Equation 5.5, equals 2370 kN.  The brace buckling 
load for XN1 is not pursued, because its braces show no indication of buckling 
throughout the test. Table ‎5.8 summarizes the above discussion on joint strength.  
Table ‎5.9 presents the fatigue crack aspect ratio (c/a) of the PJP+ joints. Under in-
plane bending, the fatigue crack aspect ratio can go as high as over 30.  Figure ‎5.57 
concludes the new data points to the residual strength of cracked tubular joints. The solid 
line is the same linear crack area correction line in Figure ‎5.55. The triangles refer to the 
ordinate based on the plastic bending modulus of the brace, and the squares refer to that 
based on Equation 5.5. The choice of the two strength definition depends on the failure 
mode, i.e., whether it is a member failure or a joint failure. The only exception is J2-1GF 
where the test is limited by the capacity of the testing rig. The joint has not actually failed 
                  ‎Chapter 5 Ultimate Strength Tests of Cracked X-joints under In-plane Bending 
199 
 
at the maximum attained load. The likely failure mode of J2-1GF is tearing of the chord 
at the left brace-to-chord intersection, and progressive tearing eventually yields a 
maximum load of the joints. The abscissa equals the crack area prior to the failure instead 
of the initial crack area at the start of the residual strength test. The five data points 
remain close to the linear crack area correction curve, even though the curve is for 
prediction of the plastic collapse load and four out of the five joints included in the thesis 
actually experience fracture failure. 
Table ‎5.7: Crack area and residual strength of X-joints. 
Joint Brace crack% Chord crack% Residual Strength (kN) 
J1-1F 19 8 732 
J1X-F 1 21,3 861 
J1-2F 0 2, 1 978 
J2-1GF 0 8.4 2097 
XN1 0 16.8, 9.5 1864 
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Figure ‎5.56: Load-displacement behaviour of PJP+ J1 series. 
Table ‎5.8: Ultimate strength prediction for intact J1 joints, J2-1GF, and XN1. 
Basis Joints strength (kN) 
 J1 joints J2-1GF XN1 
Chord failure 1260 - 2370 
Brace buckling 980 2200 - 
 
Table ‎5.9: Aspect ratio of fatigue cracks in PJP+ joints. 
 
J1-1F J1X-F J1-2F J2-1GF 
Chord 12 20, 19 32, 10 28 
























Figure ‎5.57: New data points to the residual strength of cracked tubular joints. 
5.5 Conclusions 
This chapter presents five residual strength test results of large-scale X-joints under in-
plane bending. The findings support the following conclusions: 
1. The five joints involve four different failure mechanisms. For J1-1F, the failure mode 
is through-thickness fracture of the brace. The failure mode for J1-XF and J2-1GF is 
lamellar splitting with cracks propagating parallel to the chord material. J1-2F fails 
by in-elastic buckling of the braces, while the high strength joint XN1 experiences 
through-thickness fracture in the chord. 
2. With fatigue crack area amounting to more than 15% of the brace-to-chord 
intersection area, the predominant failure mode of large-scale X-joint under in-plane 
bending is fracture failure. The aspect ratio for the fatigue cracks developed under in-
plane bending can be as large as over 30. 
3. Lamellar splitting occurred in two out of four of the PJP+ X-joints. Lamellar splitting 
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similar geometric and loading configuration. ‎Chapter 6 will discuss lamellar splitting 
in more details.  
4. The chord deformation of the joint J1-2F at plastic collapse by buckling of the brace 
equals 3%, or the Lu’s deformation limit [72]. 
5. The experimental work contributes five additional data points to the existing database 
of cracked tubular joints. The five data points are close to the linear crack area 
correction line. With plastic collapse as the dominant failure mode, the data points lie 
slightly above the linear correction line. For the three cases of fracture failure, the 
data points fall below the linear correction line, indicating potential un-conservatism 
in predicting the residual strength of cracked joints by a linear crack area correction 
without coupling fracture mechanics considerations. These test results fill in the 
absence of cracked X-joint under in-plane bending. The database now includes a total 
of less than 50 large-scale cracked circular hollow section steel joints. 
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Chapter 6 Lamellar Splitting in Tubular Joints 
6.1 Introduction 
Historical research efforts have identified two main categories of material failure in the 
direction parallel to the steel rolling, namely the lamellar tearing and the delamination 
cracking. The former has caused reported failures in engineering structures [136] and has 
affected some well-known engineering projects, including the Hancock Tower, the El 
Paso Civic Center, and the Atlantic Richfield Towers [137] while the latter has not yet led 
to a consequential failure in civil and structural applications. 
Lamellar tearing refers to a special type of fracture that runs parallel to the rolling 
direction of the plate below the welds, which is initiated by decohesion or fracture of non-
metallic inclusions in steel [77]. Lamellar tearing occurs when the mechanical properties 
in the through-thickness (Z) direction, particularly the ductility, are insufficient to 
withstand through-thickness strains. Figure ‎6.1 shows the Cartesian coordinate system for 
rolled steel plates. The location of lamellar tearing lies more often within or close to the 
heat affected zone (HAZ) due to the shrinkage stresses introduced during welding [138] 
and less often at a remote location from the HAZ. Lamellar tearing was first recognized 
as a pull-out type fracture in the early 1960s [139]. Most incidents of lamellar tearing 
have occurred in the fabrication stage [77], except in a few cases where the failures took 
place under overloading conditions [140, 141]. The factors causing lamellar tearing 
include the joint design, loading conditions, welding and fabricating procedures, and 
                                                               ‎Chapter 6 Lamellar Splitting in Tubular Joints 
204 
 
through-thickness (Z) properties of the material. High Z-direction strains or stresses as a 
result of weld shrinkage or large tensile loads on the plate surface under high restraints 
could lead to lamellar tearing. Both conditions often develop in materials near the welds 
in tubular joints, typically used in onshore roof structures, bridges and offshore steel 
platforms.  Figure ‎6.2 shows an improved design for a simple plate connection that 
removes the potential of lamellar tearing by eliminating Z-direction tensile strain, but 
such solutions are not always applicable to tubular joints.  
Careful material selection, improved welding protocols and structural designs 
developed over the past few decades have alleviated the risk of lamellar tearing. For 
material considerations, carbon, phosphorus and sulfur are proven to decrease both the 
material toughness and ductility. Engineering design codes [5, 6] thus impose tight 
controls of these three alloying constituents. Specifically in the through-thickness Z-
direction, the resistance to lamellar tearing depends largely on the size, shape and 
distribution of these nonmetallic inclusions [142-146]. In the fabrication of steel plates, 
the hot-rolling operation modifies the metallurgical structure of the steel, which could 
form inclusions in unfavorable, flat and elongated shapes. However, metallurgical 
analyses of such inclusions may not be readily available for practicing engineers, and the 
results are often difficult to quantify. Previous researches have suggested a number of 
methods for testing the susceptibility of steel plate to lamellar tearing [147-152]. Farrar et 
al. [153] have demonstrated that the reduction of area in the Z-direction tensile test ( AZR ) 
correlated well with some known lamellar tearing incidents. Wold et al. [154] have 
proposed a minimum AZR  to prevent lamellar tearing, which has been widely adopted in 
engineering guidelines. For example, ASTM A770M [7] specifies a minimum AZR  of 20%. 
BS EN 10164 [155] lists the quality classes based on the tested reduction of area for 
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assessing the possibility of lamellar tearing. The above improved measures have 
minimized lamellar tearing since the late 1970s.  
 
Figure ‎6.1: Cartesian coordinate system for rolled steel plates. 
 
Figure 6.2: Improved connection design removes the potential of lamellar tearing. [77] 
Figure ‎6.2: Improved connection design removes the potential of lamellar tearing. 
Another frequently observed phenomenon caused by the low ductility in the 
through-thickness Z-direction is the delamination cracking in tensile and Charpy impact 
specimens machined from controlled-rolled and thermo mechanical control process 
(TMCP) plates [156-164], the line pipe steels [165-167], and other types of steel materials 
[168-172]. The delaminations impose negligible effects on the tensile properties and 
fracture toughness in the rolling direction measured via tensile and Charpy specimens. 
Bramfitt and Marder [173] have shown that the orientation of the delaminations remains 
always parallel to the rolling plane of plate in the longitudinal direction, which 
corresponds to the weak plane in the rolling direction. They have also shown that the 
delamination depends on the aspect ratio of the deformed ferrite grains by controlled 
rolling in a study of a relatively pure Fe-1Mn alloy that is essentially free of carbides and 
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inclusions. Bramfitt and Marder [174] have also suggested several factors which cause 
delaminations, including elongated ferrite grains produced by low temperature finishing, 
grain boundary segregation/decohesion, grain boundary carbides, residual stress 
concentration, ferrite/pearlite banding, non-metallic inclusions, cleavage on <100> planes, 
mechanical fibering, increased amounts of deformed ferrite grains, and prior-austenite 
grain boundaries.  
This study reports an experimental study on a large-scale X-joint with pre-existing 
fatigue cracks. The post-test examination reveals that the material splitting of the chord 
member caused by potential delaminations has led to a brittle failure in the test, 
accompanied by loud noises. Follow-up investigations, targeted to uncover the source of 
this failure, examine the chemical composition of the material, mechanical properties in 
both the rolling and through-thickness direction, and microscopic scanning of materials 
near the fracture locations.  
This chapter first describes the X-joint test in which the lamellar-type splitting is 
observed in the chord wall. The following section presents the various approaches to 
investigate the likely causes of the lamellar splitting. The subsequent section presents a 
detailed finite element analysis to investigate the stress field near the tip of the pre-
existing fatigue crack, with a follow-up discussion on the cause and implications of the 
lamellar splitting. The last section describes the main conclusions and recommendations.  
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6.2 Experimental program 
6.2.1 Geometry 
The residual strength test reported in this paper is a part of the investigation on the static 
strength of fatigue cracked circular hollow section (CHS) joints with the enhanced partial 
joint penetration (PJP+) welds [78], which has been described in more details in ‎Chapter 
5 and will be brief in this chapter. The test mythology and instrumentations have been 
described in Section ‎5.2.1 and Section ‎5.2.2 respectively. This chapter focuses on one of 
the as-welded specimen in which the lamellar-type splitting leads to the brittle failure of 
the joint, denoted as J1X-F. The experimental setup and member dimensions follow those 
presented in Figure ‎5.4 and Figure ‎5.5, respectively. 
6.2.2 Loading 
Before the residual strength test is conducted, the X-joint has undergone a 485,000-cycle 
fatigue test and another 600,000-cycle fatigue test in the flipped configuration. The cyclic 
load has a frequency of 0.5 Hz, with the maximum and minimum load equal to 235 kN 
and 25 kN, respectively. 
6.2.3 Existing fatigue cracks 
Cyclic actions prior to the residual strength test introduce multiple fatigue cracks near the 
weld toe of the brace-to-chord intersection. Figure ‎6.3 presents the profiles of the fatigue 
cracks developed at the end of the first and the second cyclic tests. In the first fatigue test 
before flipping, the chord crack develops only on the left and rear side (
o180  ) of the 
brace-to-chord intersection (Figure ‎6.3a). In the second fatigue test after flipping the joint 
by 
o180 , surface cracks develop near the weld toe in both the chord and brace members. 
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The most critical crack locates on the right side of the brace-to-chord intersection, as 
shown in Figure ‎6.3d, while the fatigue cracks on the left side of the brace-to-chord 
intersection remain much smaller in size, as shown in Figure ‎6.3b and Figure ‎6.3c. The 
deepest point of the cracks in both fatigue tests locates at about , corresponding 
to the maximum hot-spot stress locations [78]. The monotonic load in the ultimate load 
test drives the opening of the cracks shown in Figure ‎6.3b to d, while the surface crack in 
Figure ‎6.3a remains closed since it locates at the top compressive zone of the brace-to-
chord intersection. 
   
(a)                                                            (b) 
    
(c)                                                            (d) 
Figure ‎6.3: Existing fatigue cracks at the weld toe: (a) in chord left created by 1
st
 fatigue test; (b) in 
chord left created by 2
nd
 fatigue test; (c) in brace left created by 2
nd
 fatigue test; (d) in chord right 
created by 2
nd
 fatigue test. 
 
o135 
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6.3 Material Properties in the Rolling Direction 
6.3.1 Tensile Test 
Both the brace and the chord of the X-joint are manufactured from the structural steel 
grade S355. The test results have already been reported in Section ‎3.2.2, and only key 
data and information are briefly summarized here to make the flow of this chapter more 
presentable. Figure ‎6.4a and b present the tensile test results for the brace and chord, 
respectively. Figure ‎6.4c shows the dimensions and the observed longitudinal 
delamination cracks in the tension specimens for the chord material, viewed from the X-Z 
plane. Delamination cracks occur in two of the three chord coupons tested at the room 
temperature. The delaminations remain parallel to the plate surface and extend in the 
rolling direction of the plate. The longitudinal delaminations suggest a highly anisotropic 
steel. For both specimens in Figure ‎6.4c, the formation of the longitudinal delaminations 
occurs after necking. The three duplicated specimens yield almost duplicating stress-
strain curves. The delaminations formed towards the end of the test impose negligible 
effects on the measured stress-strain curve. The AR  in Figure ‎6.4b are computed based 
on the two ruptured specimen, one with delaminations shown in the lower picture of 
Figure ‎6.4c and the other without delaminations. The AR  values for these two specimens 
remain the same. Salama [163] reported the same anomaly for both rectangular and round 
tensile specimens made from X-60 TMCP steel, but concluded that the material would be 
safe from lamellar tearing on the ground that the Z-direction tensile specimens showed 
high AR  values and the conventional cup-cone fracture surface. Salama [163] 
commented that the formation of the longitudinal cracks was caused by sulfur segregation 
and grain growth at the mid-thickness of the material. 
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Figure ‎6.4: (a) uniaxial engineering stress-engineering strain curve for brace in the rolling direction; 
(b) uniaxial engineering stress-engineering strain curve for chord in the rolling direction; and (c) 
delamination splits observed during the test of chord tension specimen. 
6.3.2 Fracture Toughness 
The fracture specimens are C(T) specimens, machined along the T-L orientation in 
ASTM E1823 [175] using the material extracted from the X-joint after the residual 
strength test. Section ‎3.3.2.1 of ‎Chapter 3 has presented the fracture toughness test results 
for J1XF. This section serves as a supplement and relates the results to the behaviour of 
the joint. The material exhibits high ductility in the rolling direction, as demonstrated by 
Figure ‎6.5a, which shows the evolution of the crack-tip opening displacement (CTOD) 
with respect to the crack extension. At a crack mouth opening displacement (CMOD) of 3 
mm, the chord material sustains a crack growth of merely 0.3 mm and a corresponding 
crack tip opening displacement ( CTOD ) of 0.73 mm. The test terminates as the CMOD 
reaches the limit of the crack-opening displacement (COD) gauge (3 mm). Figure ‎6.5a 
also compares the CTOD-∆a curve for a side-grooved C(T) specimen fabricated from a 
(a)  (b) 
(c) 
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20 mm thick flat plate made of S690 steels with the same T-L orientation and identical in-
plane dimensions. The S690 C(T) specimen has a net thickness of 16 mm. Figure ‎6.5b 
illustrates the different stages in the fracture test, shown on the fracture surface of the 
J1X-F chord specimen and the steel S690 specimen. Stage A marks the fatigue pre-
cracking to produce a sharp crack front. Stage B denotes the ductile tearing during the 
fracture resistance test. The through-thickness average crack extension for steel S690 
specimen at a CMOD of 3 mm is about 3 mm. Stage C corresponds to another fatigue 
cycling to mark the end of ductile tearing before stage D (pull-out), in which the 
specimen is pulled apart at a slow constant rate of displacement. The chord material of the 
X-joint shows high fracture resistance, as reflected by the large CTOD value and the 
negligible amount of ductile crack extension in the fracture toughness test. However, the 
material shows severe delaminations when the specimen is pulled apart. The largest shear 
split measures 3.5 mm in width and 8.1 mm in depth on the half fracture specimen in 
Figure ‎6.5b. The S690 C(T) specimen shows a similar fracture surface in stage D and 
stage B, without signs of delamination, albeit that the fracture resistance of the S690 
specimen remains much lower than that of the S355 steels as shown in Figure ‎6.5a.  
The fabrication of the C(T) specimens for the S355 chord material in Figure ‎6.5a 
and Figure ‎6.5b first presses the curved plate cut from the chord member to a flat plate at 
the room temperature before the C(T)s are machined to the required dimensions. This 
pressing process enables the C(T) specimens to have the same thickness as the chord 
member, but may have facilitated the development of the delamination cracks in 
Figure ‎6.5b, as reflected by the severe delamination splits in all the three C(T) specimens 
tested. This study therefore fabricates another set of C(T) specimens with the same in-
plane dimensions, but a slightly reduced thickness. The fabrication of the new C(T) 
specimens trims the originally curved plate to a flat plate without introducing any 
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mechanical loading perpendicular to the surface of the plate. The new C(T) specimens 
have a reduced thickness of 23 mm, as illustrated by Figure ‎6.5c. However, delamination 
cracks still occur in one of the three specimens tested, but with much fewer splits. 
Figure ‎6.5d shows the delamination under stereo microscope for the trimmed fracture 
specimen in Figure ‎6.5c. The surfaces of the delamination crack show minimum plastic 
deformation compared with the surface produced by pull-out.  The measured fracture 
resistance for the specimens in Figure ‎6.5c remains almost the same as that of the 
mechanically flattened specimens shown in Figure ‎6.5b. Some other researchers have 
reported the similar splits in the Charpy test of a ship steel [176] and the C(T) tests of a 
pipeline steel [177].  
    
                                         (a)                                                              (b) 
         
(c)                                                            (d) 
Figure ‎6.5: (a) the fracture resistance -CTOD a   curve for S355 chord material and S690 plate 
material; (b) fracture surfaces for pressed S355 chord steel and S690 steel; (c) fracture surfaces for 
the S355 chord steel with trimmed thickness; and (d) delamination in (c). 
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6.4 Lamellar Splitting Failure 
Figure ‎6.6 shows the load versus the load-line displacement ( LLD ) response of the X-
joint specimen J1X-F. The first fracture occurs before the load-displacement curve 
reaches any plateau, accompanied by an immediate load relaxation in the actuator and a 
loud banging noise as a result of the sudden release of energy. No sudden change of 
displacement takes place due to the displacement-controlled loading. The load decreases 
from 861 kN to 818 kN, yielding a 5.3% reduction in the load resistance. The cracks on 
the right side of the brace-to-chord intersection indicates a noticeable increase in the 
crack mouth opening observed by naked eyes, while the cracks on the left side do not 
show any noticeable change in crack mouth opening. Hardly any crack extension along 
the surface of the chord occurs and no through-thickness crack extension takes place. The 
test procedure continues to load the specimen after the first fracture. The X-joint regains 
its resistance from 818 kN to 837 kN through a 1.5 mm increase in the load-line 
displacement before the second brittle fracture occurs. The second fracture causes a 
significant reduction in the joint resistance (down to 663 kN), corresponding to a 20% 
reduction in the load resistance. The crack openings on the right side of the brace-to-
chord intersection become even wider than the opening observed after the first fracture. 
Figure ‎6.6 also includes the load-displacement response of another specimen, denoted as 
J1-2F, which shares the same dimensions as J1X-F but has smaller fatigue cracks. The 
chord member of the specimen J1-2F cuts from the same CHS pipe as the specimen J1X-
F. The maximum fatigue crack in J1-2F reaches about 12 mm or slightly less than 50% of 
the chord wall thickness. In the specimen J1-2F, no brittle failure occurs and inelastic 
buckling takes place at a load-line displacement of 123 mm, more than twice the 
displacement level causing the brittle failure in J1X-F. The brittle failure in J1X-F 
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reduces significantly the ductility of the joint, with very low post-peak residual strength. 
It can cause catastrophic failures in structures designed with insufficient redundancy. 
 
Figure ‎6.6: Load versus load-line displacement for J1X-F and J12-F. 
Figure ‎6.7 illustrates the observed cracks on the surface of the chord during the 
ultimate load test. Figure ‎6.7c demonstrates the significantly larger crack opening after 
the first fracture than the fatigue cracks in Figure ‎6.7a and Figure ‎6.7b. Figure ‎6.7d shows 
the coalescence of the small cracks C and D adjacent to the primary crack. Due to the 
significant reduction in the joint resistance, the test procedure terminates after the second 








(a)                                                            (b) 
 
(c)                                                            (d) 
Figure ‎6.7: Opening of the fatigue crack in J1X-F under ultimate load test: (a) at zero load; (b) at 
fatigue load Pmax; (c) after first fracture; and (d) after second fracture. 
The post-test sectioning of the material around the brace-to-chord intersection 
reveals that the two fracture events correspond to two splitting failures in the chord 
material. Figure ‎6.8a shows the sectioned pieces from 
o165   to o208   with the 
latter facing the reader. The sectioned samples in Figure ‎6.8a are completely separated 
into two pieces, indicating that the fracture have propagated beyond the edges of these 
samples. The range of splitting extends from 
o95   to o230  , which does not 
correspond to the range of the pre-existing fatigue cracks. Splitting occurs mostly near the 
mid-thickness of the chord material. There are three short regions along the brace-to-
chord intersection where the splitting plane intersects with the fatigue crack front, one 
around 
o180   and the other two around o119   and o220  . The splitting could 
have likely initiated at and propagated from the region near the lower crown point 
(around 
o180  ), since the stresses perpendicular to the chord surface in this region are 
high under large deformations and the depths of the chord cracks are shallower than its 
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neighboring regions. This leads to a protruding chord ligament and correspondingly 
higher shell bending. As the splitting travels further away from the bottom crown point, 
the fracture surface orientates towards the material surface (Figure ‎6.8b) due to the 
curvature of the chord surface which causes the splitting to deviate from the original 
fracture plane. The two fracture events create two distinctive fracture planes near the mid-
thickness of the chord wall, as shown in Figure ‎6.8e to g. These figures also show that the 
two fracture surfaces do not align exactly on the same plane nor does the second fracture 
initiate from the end of the first fracture at these locations. Instead, the two fracture 
surfaces remain parallel at a slightly offset distance. 
Figure ‎6.9 shows a microscopic image of the splitting surface close to the fatigue 
crack faces at 
o208   captured in a stereo microscope. The incident light aligns at 
o60  
with respect to the splitting surface from the right. The dark region to the left of the shear 
walls are shadows due to the angle of the incident light. As indicated by A-A in 
Figure ‎6.9, a narrow strip of bright shear surface exists between the fatigue crack face and 
the splitting surface. The shear surface is inclined upwards to the left of the figure 
towards the fatigue crack. This suggests that the splitting propagates both to the left 
towards the fatigue crack and along A-A behind the welds. The failure surfaces of the X-
joint show some surface characteristics also observed in the conventional lamellar tearing 
[77]. However, the failure surfaces do not exhibit step-like lamellar tears in the cross-
section and the location of the fracture surface is neither within nor close to the HAZ but 
at the material mid-thickness. The cause of the fracture failure, as illustrated in the section 
below, differs from the cause of the conventional lamellar tearing, which attributes 
mainly to the high sulfur content (> 0.01%). This paper thus terms the failure observed in 
the X-joint specimen as the lamellar splitting. 





   
(b)                                                            (c) 
   
(d)                                                            (e) 
 
(f)                                                            (g) 
Figure ‎6.8: Sectioned pieces along the right side of the brace-to-chord intersection in J1X-F at: (a)  = 
165
o



























Figure ‎6.9: Lamellar splitting failure surface near the fatigue crack at ρ = 208o under a stereo 
microscope. 
6.5 Investigation into Lamellar Splitting 
6.5.1 Through-Thickness Tensile Test 
Splitting along the mid-thickness of the material depends directly on the Z-direction 
material properties. The Z-direction mechanical properties provide basic yet important 
information on the susceptibility of the material to lamellar splitting. Section ‎3.2.2.2 
of ‎Chapter 3 has presented the through-thickness tensile test results for J1X-F. In 
summary, the results show that the two directions are similar in RA%, ultimate stress, and 
Young’s modulus. The material exhibits slightly higher 0.2% offset yield stress, but much 
lower elongation at breaking.  
6.5.2 Through-Thickness Fracture Test 
The fracture toughness test provides a direct measurement of the fracture resistance of the 
material in the presence of a crack. However, C(T) specimens become infeasible due to 
the limitation in the chord material thickness and the test equipment. The experimental 
procedure fabricates three single-edge-notched bend, SE(B), specimens instead to 
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presented the through-thickness J-R test results, and they are summarized here. 
Figure ‎6.10 depicts the fracture toughness data in the Z-direction obtained using the SE(B) 
specimens together with those in the rolling direction tested from the C(T) specimens. 
The amount of ductile crack extension is again limited by the measurement capacity of 
the COD gauge. At a crack extension of 0.3 mm, the specimen reaches a respectable J-
value of 350 kJ/m
2
. At a CMOD of 3 mm, the SE(B) specimen continues to show ductile 
behavior, reaching a crack extension of 0.62 mm and a J-value of 521 kJ/m
2
. At the same 
amount of crack extension, the fracture resistance in the Z-direction is about half of that in 
the rolling direction obtained from the C(T) specimens. 
 
Figure ‎6.10: Comparison of the fracture resistance curve in the X and Z direction. 
6.5.3 Macroetching 
Macroetching is able to reveal the heterogeneity of the specimen. In this case, it helps to 
distinguish the weld profile, weld passes, the HAZ, and the inhomogeneity of the parent 
material, as exemplified in Figure ‎6.11a. A few sectioned pieces along the brace-to-chord 
intersection of the specimen J1X-F are grinded and severely etched in 37% hydrochloric 
acid under 
o80 C  for 20 minutes. Figure ‎6.11a shows that the weld-to-chord fusion zone 
                                                               ‎Chapter 6 Lamellar Splitting in Tubular Joints 
220 
 
does not lie parallel to the chord surface and the weld passes are not successive either. 
The etched chord, however, reveal a band of cavities located around the material mid-
thickness along the rolling direction as illustrated in Figure ‎6.11b. The band extends for 
about 5 mm in the Z-direction. At higher magnifications, as shown in Figure ‎6.11c and 
Figure ‎6.11d, the cavities indicate high aspect ratios with the longer side orientated 
parallel to the material surface. There are also globular cavities in the same band but 
relatively much fewer in quantities. 
  
(a)                                                                (b) 
  
(c)                                                                (d) 
Figure ‎6.11: (a) An etched section of a typical un-damaged segment in J1X-F; (b) an etched section 
containing fatigue crack and lamellar splitting; (c) micro cavities at the mid-thickness of (b); (d) a 
magnified view of (c). 
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6.5.4 Chemical Composition 
This study examines the chemical composition of the material near the mid-thickness via 
two 2 mm thick pieces of flat steel samples extracted at the mid-thickness of the chord. 
One sample is tested to quantify the carbon content and sulfur content using the elemental 
analyzer. The other is used to quantify the phosphorus content using the arc/spark optical 
emission spectroscopy [178]. Table ‎6.1 compares the mid-thickness content of carbon, 
sulfur, phosphorus and the through-thickness average chemical content obtained from the 
material certificates for the chord material. The composition of these three elements for 
both material average and mid-thickness complies with the requirements of various 
international standards [5, 6]. The carbon content and phosphorus content at the material 
mid-thickness do not vary substantially from those for the through-thickness average. The 
carbon content at the material mid-thickness is 5.7% higher than that for the through-
thickness average, whereas the phosphorus content is 15.4% lower than that for the 
through-thickness average. The sulfur content exhibits a slightly larger difference, with 
the sulfur content being 53.8% higher at the material mid-thickness. However, this sulfur 
content is far lower than the typical sulfur content causing the conventional lamellar 
tearing failure (> 0.01%). 
Table ‎6.1: Chemical composition of the chord material by weight percentage. 
 C% S% P% Si% Mn% N% Cu% 
Through-thickness 
average 
0.070 0.0013 0.013 0.321 1.55 0.0043 0.214 
Mid-thickness 0.074 0.0020 0.011 - - - - 
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6.5.5 Microscopic Examination 
Figure ‎6.12a and b show the microscopic images of the chord material in the un-etched 
condition under the scanning electron microscope (SEM). Four samples are prepared, 
with two extracted from the chord at the left side of the brace-to-chord intersection and 
the other two extracted from the chord at the right. For all of them, distinct micrographs 
are obtained in different orientations. The transverse section, parallel to the material 
surface, has a randomly-oriented microstructure as illustrated in Figure ‎6.12a. The 
longitudinal section, perpendicular to the material surface, shows a banded microstructure, 
with the banding along the rolling direction, as illustrated in Figure ‎6.12b. Figure ‎6.12c 
shows the SEM image of a 2% nital etched sample for the same location as that in 
Figure ‎6.12b and with the same magnification. The banding becomes more pronounced 
after etching. Figure ‎6.12c reveals clearly the alternating layers of ferrite and pearlite 
microstructure, with the light color referring to the pearlite layer. Figure ‎6.12e shows the 
SEM image of the crack tip within the circle in Figure ‎6.12d but with a 
o90  counter-
clockwise rotation. Figure ‎6.12f shows, at a higher magnification, that the crack tip is 
developing on the interface of the adjacent ferrite and pearlite layers. Deposits of debris 
can be found in the crack tip, which might have been introduced during the post-test 
sectioning by the band saw. The nital etched samples demonstrate the same microscopic 
pattern under a stereo microscope in Figure ‎6.12g and h. Figure ‎6.12g shows the 
elongated light grey inclusions at the material mid-thickness, but not near the material 
surface (Figure ‎6.12h). The color of the inclusions in Figure ‎6.12g resembles sulfur 
inclusions [179]. 
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Figure ‎6.12: SEM images of J1X-F chord material: (a) an un-etched piece in the transverse section 
(parallel to the material surface); (b) an un-etched piece in the longitudinal section (normal to the 
material surface; (c) an etched piece in the longitudinal section; and (d) a macroscopic view of post-
sectioned piece containing lamellar splitting; (e) SEM image of the tip in (d) after etching; (f) a 
magnified view of (e); stereo microscopic image of nital etched J1X-F chord material in the 
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6.6 Finite Element Simulation 
Section ‎6.5 examines the material aspects to identify the potential causes of the brittle 
lamellar splitting failure observed in the experiment. This section investigates the 
mechanical driving forces near the tip of the fatigue-induced crack through a finite 
element (FE) analysis. The finite element model consists of a fine local crack-front mesh 
generated in a specialized crack mesh generator, FEACRACK [180], and a global 
continuous mesh built in PATRAN [181]. The connectivity between the local mesh and 
the global mesh is achieved via mesh-tieing, which has been validated by Qian et al. [182, 
183]. The numerical analysis follows the large-deformation assumption with the elastic-
plastic material properties following the uni-axial true stress-true strain curve obtained in 
the rolling direction (converted from the engineering stress-engineering strain curve). The 
numerical procedure, implemented in a general-purpose FE solver ABAQUS/Standard 
[101], utilizes 20-node solid elements with full integration (C3D20 in ABAQUS element 
library).  
 Figure ‎6.13a shows the mesh for the joint J1X-F. The presence of the plane of 
symmetry allows the use of a half-symmetric model. The displacement-controlled loading 
applies to a single node vertically above the intersection point of the brace and chord axes. 
To avoid severe local distortions near the loading point, a small region near the loading 
point has an assigned Young’s modulus equal to 10 times that of the chord material. Both 
the chord and the brace consist of four layers of elements in the through-thickness Z-
direction. Figure ‎6.13c shows the local crack-front mesh, which starts near the saddle 
point of the brace-to-chord intersection (
o90  ) and extends to the lower crown point 
(
o180  ). The crack front intersects the chord outer surface at o120  . The crack in 
the FE model maintains a constant depth of 13 mm except at the location very near to the 
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surface point of the crack. The location of the surface crack simulated in the FE model 
corresponds approximately to the most critical crack observed on the right side of the 
brace-to-chord intersection (see Figure ‎6.3d). The crack depth of 13 mm in the FE model 
generates a crack front which intersects with the lamellar splitting surface. Figure ‎6.13d 
shows a close-up view of the mesh at the crack-front location on the outer surface of the 
chord. Each crack-front location includes 10 rings of elements to compute the far-field J-
value (obtained from the 10
th
 ring) using the domain-integral approach. The crack front 
contains a small keyhole radius equal to 0.17% of the thickness of the chord, or 43 μm, to 
facilitate numerical convergence at large deformations. The crack locates at the weld toe 
and is inclined towards the weld at an angle of 
o23  measured from a plane perpendicular 
to the chord axis (Figure ‎6.13e). The mesh design ensures a minimum level of mesh-
tieing in the FE model and both the brace-weld transition mesh and the chord-weld 
transition mesh are fully continuous (Figure ‎6.13e). 
 
(a) 
      
(b)                                                        (c) 
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(d)                                                        (e) 
Figure ‎6.13: Finite element model for J1X-F: (a) the global mesh; (b) a close-up view of the brace-to-
chord intersection; (c) the local crack front mesh for the chord crack; (d) the crack-tip mesh at the 
surface; (e) mesh transition between the local crack-front mesh and the global mesh. 
Figure ‎6.14a shows the close agreement in the load versus the load-line 
displacement curve computed from the FE analysis and that recorded in the experiment. 
Figure ‎6.14b depicts the crack driving force, measured by the elastic-plastic J-integral 
values for two virtual crack extension directions. The J-value driving the crack extension 
ahead of the fatigue crack plane assumes a virtual crack extension in the fatigue crack 
plane, while the J-value driving the crack extension in the splitting surface assumes a 
virtual crack extension parallel to the splitting surface. The crack driving force in the 
plane of the fatigue crack at 
o180   corresponding to the first fracture load (861 kN) 
equals 476 kJ/m
2
. Compared to the fracture resistance data, the corresponding crack 
extension in the C(T) specimen remains within 0.2 mm, which hardly overcomes the 
crack-tip blunting. The high ductility of the material in the rolling direction would have 
allowed the joint to sustain further loading, if the lamellar splitting did not occur. The 
crack driving force for the crack to advance in the rolling direction in the presence of the 
fatigue crack is about one-third of the J-value driving the crack extension along the 
fatigue crack surface. Figure ‎6.14c and Figure ‎6.14d show the maximum principal stress 
( 1 ) and the maximum principal strain ( 1 ) ahead of the crack tip along the fatigue crack 
surface and along the splitting plane. The mechanical driving forces, as reflected by the 
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energy-release rate (J-integral), the near-tip stresses and strains, tend to advance the crack 
extension along the fatigue crack surface in the isotropic homogeneous steel material. The 
significantly weaker material near the mid-thickness, which leads to a highly anisotropic 
steel material, becomes the only prominent reason that causes the splitting failure in a 












Figure ‎6.14: (a) Comparison between the load versus load-line displacement curve between the FE 
analysis and the test; (b) evolution of the elastic-plastic J with respect to the applied loading at  = 
180
o
; (c) near-tip stresses at  = 180o; and (d) near-tip strains at  = 180o. 
6.7 Discussions 
The chord material exhibits excellent mechanical property and fracture resistance. The 
AR  value of more than 70% in both the rolling and the through-thickness directions far 
exceeds the 30% requirement for offshore structural steels. For fracture resistance, the 
material exceeds the 0.25 mm CTOD requirement [184] in both directions. However, 
these excellent macroscopic mechanical properties do not prohibit the microscopic 
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splitting along the banded microstructure near the mid-thickness, which leads 
subsequently to the brittle failure of the joint.  
The lamellar splitting failure observed in the chord of the X-joint includes 
potentially the following causes. The fabrication of the thick chord member employs cold 
rolling from a flat plate followed by the seam welding, typically practiced in an offshore 
construction yard. The cold rolling process at the air temperature leads potentially to the 
elongated or banded material microstructure near the mid-thickness of the chord wall 
revealed under the SEM micrograph. The splitting along the interface of the ferrite and 
pearlite layers suggests that the ferrite and pearlite banding is also an important factor in 
causing delamination [174] and subsequently the brittle splitting. The cold rolling process 
develops potential micro-cracks near the mid-thickness of the material which attracts a 
relatively high concentration of inclusions. These micro-cracks grow into delamination 
cracks under cyclic actions and the subsequent monotonic loading. The large 
deformations introduced during the ultimate load test leads to the brittle splitting initiated 
at these delamination cracks along the mid-thickness of the chord wall. The brace in-
plane bending introduces large tensile stresses and strains in the through-thickness Z-
direction at the region around the bottom crown points (
o180  ). The reverse of the 
rolling process in fabricating the flat C(T) specimen facilitates further the development of 
delamination cracks in the direction parallel to the plate rolling, as demonstrated by the 
significantly more splits observed in the pressed flat C(T)s than those in the trimmed flat 
C(T)s.  
Despite that the macroscopic mechanical properties satisfy the material 
requirement in engineering codes, the current investigation does uncover some “prior 
indicators” for possible brittle lamellar splitting in the large-scale structural components. 
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The banded microstructure imposes negligible effects on the high fracture resistance in 
the rolling direction, but causes a noticeable reduction in the fracture toughness and the 
elongation measured in the through-thickness Z-direction compared to those in the rolling 
direction. The tension specimen indicates single or multiple splits along the rolling 
direction prior to rupture. The fracture specimens, manufactured to examine the fracture 
toughness in the rolling direction, exhibit splits during the final pull-out stage under room 
temperature. 
The current investigation shows that the welding process is unlikely to cause 
lamellar splitting failure observed in the X-joint. The welding-caused lamellar tearing in 
the literature remains very close to the HAZ and shows step-like tears on the fracture 
surface. In contrast, the material splits at the mid-thickness and shows no step-like tears in 
this study. In addition, the examination on the chemical content near the mid-thickness 
reveals that the sulfur and phosphorus contents remain far lower than the typical level 
sufficient to cause the conventional lamellar tearing.  
Both the original flat steel plates used to fabricate the chord member and the 
welded X-joint have passed the ultrasonic test. API Spec 2W [5] Supplement S1 
ultrasonic testing per ASTM A578M [185], does not report anything less than 50% loss 
of back reflection within a 25 mm diameter transducer field. This would correspond to a 
potential 10 mm 25 mm  elongated lamellar defect, or with an equivalent crack depth, 
5 mma   based on BS 7910 [1]. The reject level is 100% loss of back reflection, not 
contained within a 75 mm diameter circle, or an equivalent crack size, 37.5 mma  . 




) or equivalently 0.75 mm CTOD, brace 
yielding before lamellar splitting of the chord would be expected in the absence of a large 
fatigue crack, based on the level 1B assessment outlined in BS7910 [1]. For the finite 
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element analysis of J1X-F ultimate loading, with the large fatigue crack, fracture at a Z-




) is on the cusp of failure at the ASTM A578M [185] 
reject level. 
6.8 Conclusions and Recommendations 
This chapter reports a brittle splitting event during an ultimate load test of a large-scale 
X-joint with pre-existing fatigue cracks. The post-test investigation aims to identify the 
source of this brittle failure by a series of tests on the mechanical properties, fracture 
resistance and chemical compositions. The micrograph analysis under optical and 
electronic microscopes reveals various features of the material microstructure, which 
appears highly prone to delamination cracking in the mid-thickness of the material. The 
above investigations lead to the following observations and conclusions: 
1. The material requirements in existing engineering guidelines based on the elongation, 
the area of reduction and the CTOD fracture toughness are insufficient to prohibit the 
brittle lamellar splitting observed in the current experimental study. The macroscopic 
mechanical properties of the chord steel, in both the rolling direction and in the 
through-thickness direction, exceeds the quantitative material requirement prescribed 
in the structural codes.  
2. Microscopic scanning reveals a high concentration of elongated inclusions at the 
mid-thickness of the chord wall, which initiate delamination cracks. Coupled with 
elevated stresses near the tip of the fatigue crack, the delamination cracks lead to a 
brittle splitting failure at the mid-thickness parallel to the material surface. The cold 
rolling process in fabricating the large-diameter thick chord member likely introduces 
these high concentrations of elongated inclusions.  
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3. Indicators for the possible lamellar splitting from fundamental material 
characterization tests include the longitudinal splits observed in the tension 
specimens, which are tested to examine the mechanical properties of the steel 
material in the rolling direction. Severe splits on the pulled-out surface of the fracture 
specimen, used in testing the material fracture toughness, provide another useful 
indicator of the possible lamellar splitting failure. Microscopic examination of the 
material grain structures becomes necessary to confirm the potential cause for 
lamellar splitting. 
4. Lamellar splitting reduces significantly the ductility of tubular joints, without 
pronounced decreases in the ultimate resistance of the connection. Without lamellar 
splitting failure, the joint would have reached its buckling load (14% higher from 
buckling load of another similar X-joint or 8% higher from the FE prediction), even 
though there are deep fatigue cracks. For design considerations, structural 
redundancy becomes necessary for the splitting susceptible materials to mitigate the 
adverse effects if lamellar splitting does occur in one or a few highly constraint joints. 
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Chapter 7 Failure Assessment of X-Joints 
7.1 Introduction 
The ductile extension of fatigue-induced surface cracks or fabrication defects in a tubular 
joint creates critical threats to the safety of steel offshore platforms, especially in the 
event of an environmental overload, caused by e.g. a 100-year return wave. For a tubular 
joint under such loading conditions, the plastic collapse strength check alone may not 
suffice the integrity assessment of an offshore platform. 
Both the experimental work [131, 186-188] and the numerical investigation [189-191] 
have identified the significance of crack extension on the load-deformation characteristics 
of tubular joints under monotonically increasing loads. The experimental study by 
Sanders and Yura [186] reveals that the initiation of a crack often occurs much earlier 
than the ultimate load capacity is developed, for joints initially free of any observable 
defect. The numerical analysis by Dexter and Lee [189] and Qian and Marshall [192] 
hindered by the absence of a convenient and accurate theoretical framework for tubular 
joints, often impose a simple but purely empirical strain limit on the validity of the 
nonlinear, large-deformation analysis of the tubular joints.  
A detailed understanding on the ductile fracture resistance and its effect on the 
ultimate strength of a tubular joint becomes, therefore, necessary to develop engineering 
procedures, leveraging both the fracture toughness of the material and the ultimate 
strength of the tubular joints. This brings in the need to introduce the concept of Fitness-
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For-Service (FFS) for tubular joints. FFS assessments are quantitative engineering 
evaluations that are performed to demonstrate the structural integrity of an in-service 
component that may contain a flaw or damage. The international FFS procedures for 
assessment of crack and crack-like flaws include API 579-1/ASME FFS-1 [64] and 
BS7910 [1]. These assessment procedures are based on the failure assessment diagram 
(FAD) approach. The failure assessment diagram (FAD) concept provides a convenient 
means to examine the interaction of two important failure modes in a welded structure, 
namely the fracture failure and the plastic collapse failure. The FAD approach, widely 
applied in the pressure vessel and the pipeline industry, sees some extended applications 
in recent years for circular hollow section joints [193-195]. 
The fracture criterion employed in the FAD procedure predicates primarily on the 
fracture toughness obtained from standard fracture specimens which comply with the size 
requirement prescribed in the testing standards [32]. The fracture toughness data thus 
obtained apply strictly to a small-scale yielding condition, which provides high plasticity 
constraints to the crack tip. For large-scale yielding conditions, as experienced by many 
realistic, shallow surface cracks, the FAD using the fracture toughness obtained from 
high-constraint specimens may yield unrealistically conservative results, as observed in 
the application of the FAD for pipelines [196]. 
This chapter covers the failure assessment diagram method applied to a thick-
walled T-joint, PJP+ joints, and the high-strength joint XN1. 
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7.2 Failure assessment of a reference T-joint 
7.2.1 Introduction 
This section describes a procedure using the failure assessment diagram (FAD) concept 
outlined in BS 7910 [1] to assess the interaction between the fracture failure and the 
plastic limit action for a circular hollow section (CHS) T-joint with an initial semi-
elliptical flaw.  The experimental test on the fracture behavior of the welded tubular T-
joint, presented by Zerbst et al. [127], has been carried out at the GKSS Research Centre 
in Germany with the aim of checking various fracture mechanics assessment approaches. 
The FAD approach in this section applies the constraint-modification based on a linear-
elastic T-stress computed along the front of the semi-elliptical surface crack, to the level 
2A assessment curve in BS 7910 [1]. The assessment of the fracture ratio rK  utilizes the 
material fracture toughness reported in the experiment, while the load ratio rL  compares 
the latest T-joint ultimate strength formulation in the IIW [116] recommendations and the 
experimentally measured ultimate joint strength. The failure assessment outcome, both 
with constraint modification and without constraint modification, proves to be 
conservative compared to the experimental measurement on the T-joint. 
7.2.2 Failure assessment curve modified by crack-front constraints 
Numerous experimental evidences [197, 198] reveal that the material fracture resistance 
exhibits strong variations for crack-fronts under low plasticity constraints, which can be 
characterized by a negative (compressive) linear-elastic T-stress parallel to the crack 
plane. The linear-elastic T-stress represents the second, constant term in the Williams’ 
solution [15] for the crack-tip stress fields. A crack-tip with a zero or positive T-stress 
constrains the plastic zone within a small volume of material around the crack tip, causing 
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a high-constraint condition. In contrast, a crack tip with negative T-stress redistributes the 
otherwise very high crack-tip stresses to the nearby materials, creating a low-constraint 
condition. Ainsworth [63] proposes a constraint-modified FAD for pipeline applications 
assuming the following dependence of the material fracture toughness on the negative T-
stress: 
 1mat mat c T rK K L      (7.1) 
where 
/T r YL T   (7.2) 
and c  denotes a constant describing the elevation of the material fracture toughness 
with respect to the negative T-stress. An c value of -1.0 doubles the fracture toughness 
for a low constraint geometry with T/Y = -1.0. The T in Equation 7.1 defines the 
geometry dependent crack-front constraints and remains a constant for a fixed set of 
geometric parameters. Equation 7.1 assumes a linear variation of the material fracture 
toughness with respect to the linear-elastic T-stress, which proves to be consistent with 
the material toughness data reported by Hancock et al. [60]. 
The failure assessment curve including the effect of crack-front constraints on the 
material fracture toughness now becomes: 





      (7.3) 
Figure ‎7.1 compares the constraint-modified failure assessment curves for varying 
T values. The acceptable regions below the failure assessment curve for low constraint 
conditions elevate by a significant amount for intermediate to high loading levels. 




Figure ‎7.1:  Level 2A FAD modified by the linear-elastic T-stress. 
7.2.3 The experiment of a cracked T-joint 
The T-joints is loaded by a tensile force at the tip of the brace. Figure ‎7.2 shows the 
geometry, loading and crack location of the joint. The span of the chord is 1520 mm. The 
chord has an outer diameter d0 = 298.5 mm and the wall thickness T = 20 mm. The brace, 
with an outer diameter d1 = 152.5 mm, and the same wall thickness as the chord. Thick 
plates are attached to both the brace tip and the chord ends to facilitate the application of 
load and boundary conditions. The two ends of the chord are allowed to move in the 
horizontal direction and rotate in the in-plane direction.   
 The experimental program introduces an elliptical crack in the saddle region of the 
joint. The distance between the weld toe and the opening of the crack on the chord 
surface is 2 mm. The crack plane is orientated to be 66
o
 with the loading plane or forms 
an angle of 27
o
 with the radius of the chord at the saddle point. Figure ‎7.3 illustrates the 
details of the weldment and the crack. The length of the surface crack is 2c = 46.5 mm, 














βT ≥ 01.0c  
                                                             ‎Chapter 7 Failure Assessment of Tubular Joints 
238 
 
 The T-joint utilizes TMCP-steel for both the brace and the chord. The Young’s 
modulus of the material is 205 GPa, and the Poisson’s ratio is 0.3. Figure ‎7.4 plots the 
engineering stress-strain data. Table ‎7.1 summarizes the key material property parameters, 
including the yield stress, ultimate stress, and the fracture toughness at crack initiation, 
after crack blunting, and at 0.96 mm tearing. 
      
Figure ‎7.2: T-joint dimensions, loading condition, and location of notched crack. 
 






















Figure ‎7.4: Engineering stress-strain curve for T-joint’s material. 
Table ‎7.1: Summary of material properties for the T-joint. 
Young’s Modulus 
 
E = 205 GPa 
Yield stress σY = 460 Mpa 
Ultimate tensile stress σu = 550 Mpa 
Fracture toughness 
at initiation Jmat = 76 kJ/m
2
 
at onset of ductile tearing  Jmat = 217 kJ/m
2
 




7.2.4 Finite element modelling of T-joints 
Figure ‎7.5 shows the FE model for the T-joint, which consists of two parts: the global 
model and the local crack-front model. The global model is generated in MSC/PATRAN 
[181]. The local model is a six-faced mesh block. It is first extracted from the global 
mesh, and then remeshed in FEACrack [180] to create the crack-front mesh by using the 
“user-defined geometry” function. The last step of mesh generation connects the local 
crack-front model and the global model via mesh-tieing technique. The accuracy of the 
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mesh-tieing technique for modelling of tubular joints has been verified by Qian et al. 
[182, 183, 199]. 
Due to symmetry, the finite element model includes only one half of the joint, 
with half chord 0.5l0 = 760 mm. There are four layers of elements in the thickness 
direction of the chord and two in the brace. Nodes on the symmetric plane are restrained 
in the degree of freedom perpendicular to the plane. Rigid end plates are simulated at the 
member ends to facilitate application of load and boundary conditions. In order to model 
the pin condition at the chord end, the node at the centre of the rigid plate is set to be able 
to translate freely in the horizontal direction and the three rotational degrees of freedom 
are allowed. Two sets of analyses, namely linear-elastic analysis and elastic-plastic 
analysis, are performed in the open source finite element code WARP3D [199]. The 
elastic-plastic analysis includes the post yielding material data, and employs large 
displacement theory. 
The local crack front model is 8 mm wide and 40 mm in length. The crack face 
follows the same inclination as the actual crack in the experiment. A half elliptic crack is 
built to be consistent with the global mode. The depth of the crack is equal to the average 
depth of the pre-notch in the experiment, which is 10 mm.  
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Figure ‎7.5: Half model for the T-joint with a weld toe crack at the saddle region: (a) overview: (b) 
local model at the saddle location. 
7.2.5 Results 
Figure ‎7.6 compares the load-deformation curves computed from the elastic-plastic, 
large-deformation analysis performed in WARP3D [199] and the experimental 
measurement, for the notched T-joint under brace axial tension. The displacement  refers 
to the displacement recorded at the end of the brace. 
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7.2.5.1 Assessment using the original FAD 
The current study utilizes the new IIW [116] ultimate strength equations in computing the 












   (7.4) 
where Qf is the chord stress function for T-joint and is defined as: 
 
0.2
1fQ n   (7.5) 
The parameter n in Equation 7.5 defines the ratio of the maximum tensile stress in the 
chord over the yield strength of the chord material. The ratio n includes the chord stresses 







   (7.6) 
where No and Mo refer to the axial load and bending moment in the chord member, while 
Np and Mc define the axial load capacity and the bending capacity of the chord member. 
The current study employs the chord stress function, Qf, for tensile chord stresses 
since the bending moment induced by the reaction force at the two supports of the chord 
member causes tensile stresses near the brace-to-chord intersection for a T-joint under 
brace axial tension. Equation 7.4 computes the ultimate strength for an intact joint, which 
iterates to be 1830 kN based on the Qf function. The strength of a cracked joint equals the 
strength computed by Equation 6.4 multiplied by a reduction factor, FAR, which depends 











       
 (7.7) 
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where Q = 1.0 for  < 0.6, as suggested by HSE  [135]. The ultimate strength for the 
cracked T-joint, therefore, becomes 97% of the capacity calculated using Equation 6.7, or 
1775 kN. The IIW ultimate strength formula shows a conservative estimation compared 
to the ultimate joint strength obtained from the experiment based on a Lu’s deformation 
limit [72], which equals 2272 kN. The calculation of chord deformation to determine the 
ultimate joint strength corresponding to Lu’s deformation excludes the elastic beam 
deflection in the joint specimen. 
The material fracture resistance derives from the fracture resistance obtained from 
a standard SE(B) test. The material fracture resistance converts from the experimentally 









Zerbst et al. [127] report a fracture resistance of Jmat = 76 kJ/m
2
 at crack initiation and Jmat 
= 217 kJ/m
2 
corresponding to the onset of ductile tearing.  
Figure ‎7.7 illustrates the loading path for the joint with the crack driving force 
computed from a linear-elastic analysis at the deepest point of the crack front. The 
ultimate strength Pu follows the IIW ultimate strength estimation in Equation 7.7. 
Table ‎7.2 lists the load and crack driving forces (denoted by Pf and Kf, respectively) at the 
intersection of the loading path and the assessment curve in Figure ‎7.7 for the two crack 
depths considered, a = 6 mm and a = 10 mm. The crack length 2c for both cracks remains 
fixed at 46.5 mm. 
The load level, causing the combined failure of crack initiation or extension and 
plastic deformation in the T-joint, increases as the crack depth increase from 6 mm to 10 
mm with 2c fixed at 46.5 mm. This suggests that in the actual experiment with a = 10 mm 
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and 2c = 46.5 mm, the crack extension favours extension in width, 2c, instead of depth, a. 
Figure ‎7.8 depicts the normalized mode I stress intensity factor along the crack front for a 
= 10 mm and 2c = 46.5 mm. Higher KI near the surface point of the crack confirms that 
the crack prefers to extend in width. Table ‎7.2 shows that the crack initiation loads based 
on the FAD approach equal 90 % and 93% of the corresponding ultimate load for a = 6 
mm and a = 10 mm respectively. In contrast, the load level corresponding to the onset of 
ductile tearing for both crack depths equals 100% of the ultimate load computed from 
IIW joint strength equation. 
Figure ‎7.9 illustrates the failure assessment based on the crack driving force at the 
deepest crack-front location in the T-joint. The joint capacity Pu used in Figure ‎7.9 
derives from the experimental measurement for the T-joint with a = 10 mm. For a = 6 
mm, the joint capacity Pu derives from the reduction factor in Equation 7.7. Table ‎7.3 
tabulates the loading level and the crack driving forces at the intersection of the loading 
path and the failure assessment curve. 
 
Figure ‎7.7: load paths in the FAD for T-joint using Pu computed from the IIW ultimate strength 
equations. 
Jmat = 76 kJ/m
2
Jmat = 217 kJ/m
2
a = 6 mm








0 0.2 0.4 0.6 0.8 1 1.2
Kr
Lr




Figure ‎7.8: Normalized KI along the crack front for a = 10 mm. 
Table ‎7.2: Load and crack driving forces defined by the level 2A FAD, with the joint capacity Pu 
following Equation 6.4. 
a (mm) Jmat = 76 kJ/m
2
 Jmat = 217 kJ/m
2
 
 Pf (kN) Jf (kJ/m
2
) Pf (kN) Jf (kJ/m
2
) 
6 1598 38 1775 46 
10 1651 34 1775 41 
 
 

































 = 217 kJ/m
2
 
a = 6 mm 
a = 10 mm 
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Table ‎7.3: Load and crack driving forces defined by the level 2A FAD, with the joint capacity Pu 
obtained from the test. 
a (mm) Jmat = 76 kJ/m
2
 Jmat = 217 kJ/m
2
 
 Pf (kN) Jf (kJ/m
2
) Pf (kN) Jf (kJ/m
2
) 
6 1895 52 2362 82 
10 1980 49 2418 73 
 
In both Table ‎7.2 and Table ‎7.3, the crack driving force causing crack initiation 
and crack extension remains very close for the two different crack depths. The 
comparison between Table ‎7.2 and Table ‎7.3 reveals that a conservative estimation of the 
joint ultimate strength also reduces the Kr ratio at failure, which implies that the plastic 
deformation dominates the failure of the T-joint. The experimentally measured ultimate 
joint strength exceeds the IIW estimation using Equation 7 by 32%. This amount of 
increase in Pu introduces an average of 19% increment and 34.5% increment in the load 
level corresponding to the crack initiation and ductile crack extension in the T-joint, 
respectively, as observed from the FAD for both crack depths. 
7.2.5.2 Assessment using constraint-modified FAD 
Figure ‎7.10 shows the linear-elastic T-stresses along the front of the surface notch with 
different crack depths near the saddle point of the T-joint. The angle  denotes the crack-
front location, with  = 0 corresponding to the surface point, and  = /2 at the deepest 
crack front. The crack length 2c remains fixed at 46.5 mm for all crack depths considered. 
The region near the deepest crack-front location experiences negative T-stresses, or low 
plasticity constraints for all crack depths shown in Figure ‎7.10. 
Figure ‎7.11 demonstrates a linear relationship between the crack depth and the T 
value at different locations along the crack front with joint strength defined by Equation 
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7.4. The T value demonstrates a linear variation with respect to the crack depth. The 
magnitude of the T generally increases as the crack-front location shifts away from the 
deepest crack-front location, implying even lower crack-front constraints for the crack-
front material near the deepest point, for this particular geometry. The crack front region 
near the free surface (2/ < 0.3), however, generally experiences higher crack-front 
constraints, as reflected by the positive T-stresses shown in Figure ‎7.10. 
Figure ‎7.12 shows the failure assessment for the T-joint with an initial surface 
notch of a = 6 mm with the constraint-modified FAC. The assessment of the fracture 
failure predicates on the crack driving force at the deepest point along the crack front. The 
failure assessment curve assumes an  value of -1.0. The constraint-modified FAC for the 
shallow crack a = 6 mm shows a significant increase in the acceptable area in the FAD. 
Based on different definitions of Pu, different constraint-modified FACs are obtained. A 
larger Pu corresponds to a larger T-stress at the same load ratio Lr and a larger constraint-
modified FAC. 
Table ‎7.4 list the crack driving forces and the loading levels corresponding to the 
intersection of the loading path and the failure assessment curve in Figure ‎7.12a and 
Figure ‎7.12b. From Figure ‎7.12a, where the joint capacity following the IIW ultimate 
strength equation, the plastic deformation dominates the failure mode of the T-joint 
before crack initiation takes place. The failure locus is at (Lr = 0.97, Kr = 0.76). The 
assessment using the actual joint capacity allows the crack to initiate and extend in joints 
with a = 6 mm. The increases in the load levels corresponding to the crack initiation and 
the crack extension by including the actual joint capacity for a = 6 mm equal about 24% 
and 35%, respectively, similar to the failure assessment using the original failure 
assessment curve.  




Figure ‎7.10: T-stresses over the front of a surface crack near the saddle point of a T-joint. 
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Figure ‎7.12: Constraint-modified failure assessment for T-joints with two different cracks: (a) Pu 
determined using Equation 6.4; and (b) Pu determined in the test. 
Table ‎7.4: Load and crack driving forces defined by the constraint-modified level 2A FAD, with the 
joint capacity Pu following Equation 6.4. 
Pu definition Jmat = 76 kJ/m
2
 Jmat = 217 kJ/m
2
 
 Pf (kN) Jf (kJ/m
2
) Pf (kN) Jf (kJ/m
2
) 
Equation 6.4 1721 44 1775 46 
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7.2.5.3 Level 3C FAC 
The level 3C FAC is obtained from the results of both linear-elastic and elastic-plastic 
fracture analysis. The definition of level 3C FAC has been discussed in Section ‎2.3.4.4. 
Figure ‎7.13 shows the level 3C FAC determined from FE analysis at the surface point of 
the crack. For Pu determined using Equation 7.4, the FAC with low Lr is actually below 
the level 2A FAC. For Pu determined from the test, the increase in Pu scales down the 
corresponding FACs in Figure ‎7.13a. The level 3C FACs introduce more conservatism to 
the failure assessment. Figure ‎7.14 depicts the level 3C FAC at the deepest point of the 
crack. In Figure ‎7.13, the FACs for a = 6 mm encloses the smallest area, while in 
Figure ‎7.14, those for a = 6 mm encloses the largest area. The observation again suggest 
that the surface point is the more critical location with 2c = 46.5 mm.  
7.2.6 Discussions 
The constraint-modified FAD elevates the failure assessment curve for crack fronts with 
low plasticity constraints, which are characterized by negative linear-elastic T-stresses. 
For T-joints with an elliptical surface crack near the saddle point, the magnitude of the T-
stress at the deepest crack-front location decreases with an increasing crack depth. 
Consequently, the constraint modification causes more impact on the failure assessment 
of T-joints with shallow surface cracks than the assessment for T-joints with deep cracks, 
as demonstrated by the increase in the load levels caused by the constraint-modified FAD 
for the two different crack depths shown in Table ‎7.2 to Table ‎7.4. 
The constraint-modified FAD allows the crack driving force to further increase 
until the loading path intersects the elevated failure assessment curve. If the ultimate joint 
strength utilizes a very conservative estimation, which pushes for a “fictitious plastic 
collapse” of the joint at a load level insufficient to cause extensive plastic deformations in 
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the real material, the FAD will yield a failure mode predominantly determined by the 
“plastic collapse” of the joint. The additional allowance delivered by the constraint 
modification for such joints does not lead to significant increases in the joint capacity at 
the occurrence of the combined fracture and plastic failure, if the FAD without constraint 
modification yields an assessment point very close to the vertical line defined by Lr = 1.0. 
The comparison between Table ‎7.2 and Table ‎7.4 reveals that the failure load 
corresponding to the ductile crack extension for a = 6 mm based on the constraint-
modified FAD renders no increase compared with the load level determined using the 
original FAD approach without constraint modification. For the joint capacity using the 
experimentally measured value, the load level corresponding to the ductile extension of 
the crack with a = 6 mm shows almost an 2% increase in the constraint-modified FAD 
compared to that of the original FAD approach. 
The experimental study reported by Zerbst et al. [127] describes a very small 
amount of crack extension (a = 0.25 mm) for the crack depth a = 10 mm at a load level 
of 2480 kN. The comparison between Table ‎7.2 and Table ‎7.3 suggest that the major 
source of conservatism in assessing the T-joint lies in the definition of joint strength. The 
difference in the load for crack extension for a = 10 between the joint strength by 
Equation 7.4 and the actual maximum load from the experiment differs by 33%. The 
constraint-modified FAC does not help to unlock the conservatism in joint strength 
definition by Equation 7.4, because the failure locus remains at Lr = 1.0.  







Figure ‎7.13: Level 3C FAC at the surface point of the crack for (a) Pu determined using Equation 6.4; 
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Figure ‎7.14: Level 3C FAC at the deepest point of the crack for (a) Pu determined using Equation 6.4; 
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This study extends the constraint-modification originally proposed by Ainsworth [63] for 
the integrity assessment of pipelines to the level 2A failure assessment diagram in BS 
7910 [1], for the failure assessment of a full-scale T-joint specimen. The constraint 
modification on the FAD utilizes a linear correction on the fracture toughness depending 
on the magnitude of the linear-elastic T-stress computed near the crack front. This 
investigation supports the following conclusion: 
1. The constraint-modified FAD increases the acceptable area within the failure 
assessment curve, for shallow to medium-depth surface cracks near the saddle point 
of a T-joint. The additional elevation in the failure assessment curve, provided by the 
constraint modification, increases with a decreasing crack depth. This additional 
allowance in the FAD impacts significantly the failure of shallow cracks often 
observed in tubular joints. 
2. Both the experimental results and the FE analysis show that the failure mode of the 
T-joint is pre-dominantly plastic collapse failure. 
3. Compared to the experimental measurement for the T-joint specimen with a = 10 mm, 
the proposed constraint-modification on FAD delivers a close failure load for the T-
joint when the joint strength is defined by the actual maximum load from the 
experiment. 
4. For a T-joint with a shallow crack, the constraint-modified failure assessment 
procedure using a conservative estimation on the residual strength of the joint yields 
a failure mode dominated by the plastic deformation in the joint. 
5. The level 3C FACs for the T-joint proves to be more conservative than the level 2A 
universal FAC at the surface point. 
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7.3 Failure assessment of PJP+ and high-strength X-joints 
7.3.1 Introduction 
This section describes the failure assessment applied to the PJP+ X-joints. Chapter 2 has 
discussed the background knowledge of FAD and the BS7910 FAD procedures 
[1]. ‎Chapter 3 has presented the material property tests for the PJP+ joints. The FE 
models utilize the tensile properties in ‎Chapter 3 to compute the fracture driving forces 
and the corresponding applied load. These results, together with the fracture resistance 
data and plastic collapse load of the joints, will form failure assessment locus. The failure 
loads from the FAD approach are then compared with the residual strength tests of the 
fatigue-cracked PJP+ joints presented in ‎Chapter 5. 
The details of the FE modelling are similar to those described in Section ‎6.6. The 
local crack front model consists of about 100000 nodes and 25000 20-noded hexagonal 
elements with full integration. The entire crack front contains 60 elements to describe the 
variation of the SIF values along the crack front, especially near the deepest crack-front 
location. Around the crack front, the FE model includes ten rings of elements. The global 
model, with four layers of elements over the thickness of the brace and the chord member, 
consists of about 120000 nodes and 28000 elements of the same element type as the local 
crack front model. 
7.3.2 Failure assessment for J1-1F 
The stress-strain relationships obtained from uniaxial tensile tests for J1-1F have been 
presented in Section ‎3.2.1  of ‎Chapter 3, and the J-R results measured by C(T) specimens 
in Section ‎3.3.1 of the same chapter. Section ‎5.2.3 of ‎Chapter 5 has presented the residual 
strength test and post-test examination findings. Due to the absence of crack driving force 
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solutions for large cracks under the present configuration, the assessment resorts to FE 
analysis to compute the crack driving force. Figure ‎7.15 shows the FE model for J1-1F. A 
crack is built at the left of the brace-to-chord intersection on the brace. The local crack-
front mesh spans from ρ = 90o to ρ = 180o.  
  
Figure ‎7.15: J1-1F FE model. 
7.3.2.1 Effect of Crack-front profile 
The experimental data presented in ‎Chapter 5 show consistently that the crack-front of a 
fatigue-introduced surface crack in a large scale tubular joint do not strictly follow a 
semi-elliptical shape. However, most SIF solutions for surface cracks are based on the 
assumption that the cracks are elliptical [1, 11-13]. Fitness-for-service evaluations often 
adapt these solutions to estimate tolerable flaw sizes or to assess practical flaws as they 
are already the best references [200]. Even with the availability of FE tools in analysing 
structures of complex geometries, the FE model often limit to semi-elliptical or constant 
depth crack profile as a result of difficulties encountered in meshing the crack-front and 
numerical calculations. A natural question on the reliability of the simplification to a 
semi-elliptical crack profile then surfaces. The crack profile developed in the left brace of 
J1-1F is an example of a long span, non-planar, and non-elliptical surface flaw. 
Figure ‎7.16 shows three difference crack-front profiles considered in the FE model for J1-
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same crack length, maximum crack depth, orientation and location in the joint. The real 
crack in Figure ‎7.16 differs slightly from the actual measured crack profile by 
smoothening to facilitate FE mesh generation and numerical convergence. Figure ‎7.17 
presents the computed mode I SIFs along the different crack-front. The KI values are 
normalized by the maximum bending stress of brace at ρ = 180o at 1390 mm from the 
support (distance between the right support and the upper right crown point). At the same 
deepest point of the crack (ρ = 138o), the KI values for the real crack profile is about 7% 
lower than the constant depth crack profile or the semi-elliptical crack profile. The 
maximum KI computed from the real crack profile is about 9% lower than that from the 
constant depth crack profile. The KI values for the case with constant depth crack profile 
remain highest along the crack-front as a result of largest crack depth. This study shows 
that the simplification from a real crack to a semi-elliptical crack or a constant depth 
crack with the same aspect ratio (2c/a) only leads to minor deviation in the computed KI. 
The constant depth crack profile always introduces a larger crack area, and the deviation 
is bound to be on the conservative side. 
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Figure ‎7.17: Linear-elastic KI values alone the different crack-front profiles. 
7.3.2.2  Level 2A and 2B failure assessment of J1-1F 
Equation 2.34 describes the Level 2B assessment curve. For easy reference, the equation 
is re-presented here by Equation 7.9. To derive the shape of the curve, BS7910 [1] 
recommends the engineering stress-strain curve is defined accurately at the following 
ratios of applied stress to yield stress: / Y    = 0.7, 0.9, 0.98, 1.0, 1.02, 1.1, 1.2 and 














   
 
 (7.9) 
 Level 2 failure assessment utilizes JIC as the fracture toughness value. JIC is the 
fracture toughness of materials at fracture instability prior to the onset of significant 
stable tearing crack extension. The intersection of the J-R curve Figure ‎3.34 with a 0.2 
mm offset line of 2 Y  in slope gives the ICJ  at 90 kJ/m
2
. The failure assessment focus on 
the crack at the rear side of the left brace-to-chord intersection as the post-test 
measurement indicates more ductile tearing for 180
o
 ≤ ρ ≤ 270o. Figure ‎7.18 shows the 
corresponding smoothed crack profile built in the FE model. The half FE model implies 
that the crack is symmetrical from 90
o
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mm at ρ = 180o, its corresponding SIF is comparable to the maximum SIF between 215o ≤ 
ρ ≤ 240o because of strong brace bending action at the lower crown point. The larger SIF 
still occurs at the locations with the maximum crack depth. The failure assessment 
considers ρ = 218o, which has the maximum SIF value. 
 
Figure ‎7.18: Brace fatigue crack profile at the rear side of J1-1F for FE model. 
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The plastic collapse strength of J1-1F with a linear crack area reduction factor of 
0.19 by Equation 5.5 is 801.9 kN, where 0.19 corresponds to the 19% crack area. 
Figure ‎7.20 presents the level 2 assessment loci with both level 2A and level 2B failure 
assessment curves. The level 2B curve increases the acceptance area relative to the level 
2A assessment curve at large Lr values. The plateau between 0.9 < Lr < 0.7 and the sharp 
drop at Lr = 1 correspond to the yield plateau in the engineering stress-strain curve. For Lr 
< 0.7, the difference between Level 2A and Level 2B remains small. In failure assessment 
with ICJ , the failure loads are 648 kN and 708 kN for level 2A and level 2B assessment, 
respectively, which translates to 89% and 97% of the residual strength of J1-1F obtained 
in the experiment (Put). The level 2B curve offers a benefit of 9.3% in failure load, as 
compared with level 2A. 
Figure ‎7.20 also shows the assessment results with another two sets of 
experimentally obtained J values. Equation 3.8 and 3.9 define the validity limit of a J-R 
test, which is termed as Jmax. In the case of J1-1F brace, the Jmax is 172.5 kJ/m
2
, 
corresponding to ∆a = 0.67 mm. The increase in fracture toughness shifts the assessment 
loci to the right of the assessment curves. The failure loads now increase to 748 kN and 
800 kN respectively. The use of the level 2B curve helps to gain 7.0% in failure load over 
level 2A. The comparison with the experimentally measured fracture load brings attention 
to the normally conservatives level 2 assessments. At Jmax, both failure loads obtained by 
level 2A and 2B assessments are larger than the actual failure load of 732 kN, with level 
2B assessment resulting in 9% higher. The assessments with J = 275 kJ/m
2
 
(corresponding to J at the maximum tearing of 1.19 mm for small-scale fracture 
specimens) lead to close to full plastic strength to be achieved, which is 801.9 kN.  
Table ‎7.5 tabulates the above descriptions. 
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Failure assessment with the FAD concept allows the utilization of fracture 
toughness up to the limit of the experimental data or the limit for J-validity for the 
particular fracture specimen geometry, whichever is smaller. The latter governs the 
assessment of J1-1F brace, which fractured in the residual strength test. Even with the 
adoption of a conservative fracture toughness value, the level 2A and 2B failure 
assessments for J1-1F yield slightly un-conservative failure loads. There are two input 
parameters that can influence the assessment results in a FAD setup. The first one is the 
fracture toughness value, which is already conservative. The other one is the definition of 
the plastic collapse load. The plastic collapse load of another lightly fatigue-cracked X-
joint (J1-2F) with identical global geometry as J1-1F assures the accuracy of the intact 
joint strength of J1-1F to be 990 kN. The linear crack area reduction factor employed to 
obtain the plastic collapse load for crack J1-1F often introduces conservative estimation 
of plastic collapse load. The conservatism depends on joint type, loading type, and 
material (Figure ‎5.55).  The above arguments would suggest that the un-conservatism in 
assessing a cracked large-scale X-joint under bending would lie in the direct applicability 
of level 2 FAD itself. Reduce the FAD-predicted residual strength by 10% would give 
failure loads below 732 kN. 
Figure ‎7.21 presents the assessment loci with the plastic collapse load at 712.7 kN, 
which is 10% reduction from 801.9 kN. The corresponding failure loads reduce to 696 kN 
and 720 kN for level 2A and level 2B, respectively. However, this assumption of 10% is 
not reasonable as it causes the plastic collapse load (712.7 kN) to be less than the actual 
fracture load.     




Figure ‎7.20: Level 2 failure assessment for J1-1F. 
Table ‎7.5: J1-1F level 2 failure assessment results. 
  J (kJ/m
2
) 
  JIC = 90 Jmax = 172.5 Jtest = 275 
Level 2A 
PFAD (kN) 648 748 801.9 
PFAD/Put 0.89 1.02 1.10 
Level 2B 
PFAD (kN) 708 800 801.9 
PFAD/Put 0.97 1.09 1.10 
Level 2 difference% 9.3 7.0 0.0 
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 The detailed FE model also allows the construction of the level 3C failure 
assessment curve which couples the geometry and the material of the structure. The level 
3C curve does not include any assumption on it shape or rely on any empirical curve 
fitting of experimental data. The shape is controlled by the ratio between the elastic crack 
driving force and the elastic-plastic cracked driving force as outlined in Section ‎2.3.4.4 
of ‎Chapter 2. Figure ‎7.22 presents the level 3C failure assessment loci for different 
adoption fracture resistance. The failure loads are 541 kN, 632 kN, and 684 kN for 




, and 275 kJ/m
2
, respectively. Table ‎7.6 
compares the failure loads by the level 3C curve with the actual residual strength of J1-1F. 
While the level 2A and 2B curves predict failure loads on the un-conservative side, the 
level 3C curve gives safe failure assessment. 
 
Figure ‎7.22: Failure assessment of J1-1F with Level 3C assessment curve. 
Table ‎7.6: J1-1F level 3C failure assessment results. 
  J (kJ/m
2
) 
  JIC = 90 Jmax = 172.5 Jtest = 275 
Level 2A 
PFAD (kN) 541 631 684 
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2 
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 Post-test examination reveals significant tearing at region around ρ = 180o 
(Figure ‎5.12 and Figure ‎5.13). The study investigates the effect of ductile tearing on the 
SIFs around ρ = 180o. Figure ‎7.23 shows the smoothened crack profile incorporated in the 
FE model. Figure ‎7.24 illustrates the change in the SIFs. An increase of crack depth from 
2.4 mm to 6 mm represents a significant amount of ductile tearing that equal to about 29% 
of the wall thickness. However, under linear elastic condition, the large amount of tearing 
at ρ = 180o does not translate to substantial change in the SIFs. The SIF at ρ = 180o 
increases by about 20% but remains smaller than those at 215
o
 ≤ ρ ≤ 240o. Cracks at 215o 
≤ ρ does not experience any change in SIF as a result of the tearing at ρ = 180o.  With a 
deeper crack at around ρ = 180o, the same analysis results in Figure ‎7.20 still apply. 
Figure ‎7.24 also confirms that the ductile tearing will first initiate at 215
o
 ≤ ρ ≤ 240o. The 
investigation of ductile tearing at the maximum SIF region until the crack grows to 
through thickness is of interest of the study, but the FE meshing capability limits the 
maximum brace crack depth to 10 mm. 
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Figure ‎7.24: Linear-elastic KI values before fracture alone the rear side of the brace crack in J1-1F. 
7.3.3 Failure assessment for J1-XF 
This section presents the failure assessment performed for the joint J1-XF that 
experiences lamellar splitting during the residual strength test. Section ‎3.2.2 and ‎3.3.2 
have presented the tensile and fracture test results, respectively. ‎Chapter 6 has presented 
the residual strength test results in detail.  
 There are two scenarios the joint J1-XF might fail. As major cracks only present 
in the chord, the chord could fracture under brace bending actions. With a chord crack 
area amounting to 21% of the brace-to-chord intersection, the corrected plastic collapse 
load with Equation 5.5 is 995.4 kN for chord failure. Another possible failure mode is still 
the brace local buckling load, which gives 990 kN. Both scenarios happen to give the 
almost identical plastic collapse load. 
 The joint actually experiences lamellar splitting in the chord instead of the two 
anticipated failure modes: through-thickness fracture of chord and buckling of the brace. 
The FE model thus aims to assess the lamellar splitting with FAD.  The lamellar splitting 
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depth in the FE model equal to the depth of lamellar splitting in the through-thickness 
direction. Section ‎6.6 of ‎Chapter 6 describes the FE simulation in detail. Figure ‎7.25 









 on the rear side 
of the joint. 
 




Figure ‎6.10 compares the fracture toughness of the chord material in two 
directions. The results show that, given the same crack driving force, it is much easier for 
the crack to advance parallel to the plate surface (lamellar splitting) than to propagate 
through the thickness. The failure assessment takes the fracture toughness conservative at 
J1C, which renders 630 kJ/m
2
 and 300 kJ/m
2
 in the strong direction and week direction 
respectively (Table ‎7.7).  
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Figure ‎7.26 presents the failure assessment loci for J1-XF. With the fracture 
toughness at 300 kJ/m
2
, the FAD predicts the joint to failure at a load of 814 kN for level 
2A assessment, and 870 kN for level 2B assessment. The level 2B curve brings in a 
benefit of 6.9%. Level 2B assessment with J = 300 kJ/m
2
 produce failure load slightly 
above the actual residual strength of 861 kN for J1-XF. Equation 3.7 and 3.8 limit the 
validity of J to Jmax = 525 kJ/m
2
. However, it is not reasonable to adopt Jmax = 525 kJ/m
2
 
for predicting the final failure. At the end of the fracture toughness test, the fracture 
toughness reaches 630 kJ/m
2
 at a very low ductile tearing of 0.3 mm which is far below 
the validity tearing limit of 0.25bo or about 5 mm for J1-XF chord. The range of the 
CMOD gauge prevents the fracture toughness to be measured at larger and more 
reasonable ductile tearing. The application of Jmax for J1-XF would not reflect the fracture 
properties of the chord material. When the FAD adopts a fracture toughness of 630 kJ/m
2
, 
which is still a conservative estimation of fracture resistance to cracks advancing in the 
through-thickness direction, the failure loads increases to 940 kN and 990 kN for level 2A 
and level 2B, respectively. The corresponding overestimations to the actual residual 
strength are 9% and 15% respectively.  
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The study also generates the level 3C failure assessment curve from FE simulation. 
The level 3C failure assessment curve requires computation of elastic-plastic drack 
driving force in a FE model with non-linear geometry and material properties. 
Section ‎2.3.4.4 explains the procedures to obtain the level 3C curve. Figure ‎7.27 shows 
the assessment results. For J1-XF, the level 3C failure assessment curve is more 
conservative compared with the level 2A and 2B curves. The relative conservatism 
increases as Lr increases. The failure locus shifts to lower Lr value. With J = 300 kJ/m
2
 
and level 3C curve, the corresponding failure load reduces to 700 kN as compared with 
814 kN and 870 for level 2A and 2B, respectively.  At Jmax = 525 kN, the level 3C curve 
renders a failure load of 783 kN. With J = 630 kJ/m
2
 and level 3C curve, the 
corresponding failure load reduces to 814 kN as compared with 940 kN and 990 for level 
2A and 2B, respectively. Unlike the level 2A and 2B curves, the level 3C curve produces 
results on the conservative side due to significantly reduced acceptance area. Table ‎7.8 
summarizes the failure assessment results for joint J1-XF. 
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Table ‎7.8: J1-XF level 2 and level 3C failure assessment results. 
  J (kJ/m
2
) 
  JIC = 300 Jmax = 525 Jtest = JIC = 630 
Level 2A 
PFAD (kN) 814 914 940 
PFAD/Put 0.95 1.06 1.09 
Level 2B 
PFAD (kN) 870 990 990 
PFAD/Put 1.01 1.15 1.15 
Level 2 difference% 6.9 8.3 5.3 
Level 3C 
PFAD (kN) 700 783 814 
PFAD/Put 0.81 0.91 0.95 
 
Figure ‎7.28 plots the T-stress along the chord crack-front of J1-XF. The T-stress is 
normalized by the bending stress of the brace defined previously. The T-stresses are all 
positive along the crack-front, indicating high constraint. The modification of FAD to 
take into account low constraint does not apply for J1-XF.  
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7.3.4 Failure assessment of J1-2F 
This section presents the failure assessment performed for the joint J1-2F. Section ‎3.2.3 
has presented the tensile test results. The fracture toughness test does not proceed after 
the residual strength test as the flaws are insignificant in sizes to cause brittle fracture. J1-
2F is the reference joint in the PJP+ J1 joint series for comparison of residual strength. J1-
2F, with brace as the weaker member, fails by buckling of the braces at the top crown 
points. J1-2F is a good example of plastic collapse failure of X-joints containing small 
cracks under in-plane bending. The post-test examination suggests no crack tearing 
occurred during the joint strength test. FAD assessment coupling fracture mechanics 
principles is not critical for J1-2F. The following FAD results for J1-2F assume that the 
chord of J1-2F share the same fracture properties as that of J1-XF. 
The chord of J1-2F contains a crack of depth equal to half of the chord wall 
thickness and area equal to 2% of the brace-to-chord intersection area. Figure ‎5.26 
presents the chord crack profile. The application of linear strength reduction factor leads 
to an estimated plastic collapse load of 970 kN for J1-2F. The FE model builds a semi-
elliptical crack of 12.5 mm in depth that spans from ρ = 115o to 140o. Figure ‎7.29 plots 
the linear-elastic KI along the crack-front. Despite that the crack is symmetric about ρ = 
127.5
o
, the brace-to-chord interaction produces un-symmetrical remote stress filed around 
ρ = 127.5o and causes the KI to increase as ρ increases. 
Figure ‎7.30 presents the failure assessment loci for J1-2F. With the fracture 
toughness at 300 kJ/m
2
, the FAD predicts the joint to failure at a load of 915 kN for level 
2A assessment, and 970 kN for level 2B assessment. Level 2B brings in a benefit of 6%. 
Level 2B assessment with J = 300 kJ/m
2
 produce failure load intersecting with Lr =1. At 
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Jmax of 525 kJ/m
2
, the failure loads increases to 970 kN for both level 2A and level 2B, 
because the plastic collapse load is reached. Table ‎7.9 tabulates the above discussions. 
 
Figure ‎7.29: SIF along the chord crack of J1-2F. 
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Table ‎7.9: J1-2F level 2 failure assessment results. 
  J (kJ/m
2
) 
  JIC = 300 Jmax  = 525 
Level 2A 
PFAD (kN) 915 970 
PFAD/Put 0.94 1.00 
Level 2B 
PFAD (kN) 970 970 
PFAD/Put 1.00 1.00 
Level 2 difference% 6.0 0.0 
 
7.3.5 Failure assessment of thick-walled joint XN1 
The thick-walled high strength steel X-joint (XN1) fractures under in-plane bending with 
existing fatigue crack at the pre-notched locations. Section ‎5.3 describes the test results, 
and Section ‎3.4 and ‎3.5 presents the material properties. Figure ‎7.31 shows the FE model 
with the brace member in the vertical direction. The FE model includes only the fatigue 
pre-cracked V-notch at the crown point, which is the major crack and location of fracture 
failure. Figure ‎7.32 presents the linear-elastic KI values along the crack-front of the crack 
at the V-notch. The SIF is normalized by the maximum bending stress of the brace 
member. Table ‎5.4 defines the normalized clock position along the crack. The maximum 
SIF occurs at 2ϕ/π = 0.55. The follow failure assessment will be based on the SIF at this 
location and the crack profile prior to the residual strength test, i.e., notch + fatigue crack. 
The estimated plastic collapse strength of XN1 based on the crack area correction 
outlined in Equation 5.5 is 1972 kN for m = 0, and 1932 kN for m = 1. The failure 
assessment conservatively adopts 1932 kN as the plastic collapse strength. The fracture 
toughness values are adopted from Table ‎3.11 with JIC = 294 kJ/m
2




                                                             ‎Chapter 7 Failure Assessment of Tubular Joints 
273 
 
 Figure ‎7.33 presents the assessment results for XN1. The level 3C curve 
corresponds to the elastic-plastic J values obtained at 2ϕ/π = 0.55. With the fracture 
toughness at 294 kJ/m
2
 (JIC), the failure loads predicted by level 2A, 2B, and 3C failure 
assessment curves are 1555 kN, 1670 kN, and 1520 kN, respectively. The failure loads 
with JIC are conservative for XN1 regardless of the choice of failure assessment curve. 
Level 2B assessment curve again yields the highest failure load as it encloses the largest 
crack area towards large Lr values. With the fracture toughness at 643 kJ/m
2
 (Jmax), the 
failure loads predicted by level 2A, 2B, and 3C failure assessment curves are 1831 kN, 
1932 kN, and 1751 kN, respectively. The level 2A assessment produces failure loads very 
close to the actual residual strength of XN1 (1864 kN) and it is on the safe side. 
Table ‎7.10 tabulates the above discussions. 
 
Figure ‎7.31: FE model for XN1. 




Figure ‎7.32: SIF along the crack-front of chord crack of XN1. 
 
Figure ‎7.33: Failure assessment for XN1. 
Table ‎7.10: XN1 failure assessment results. 
  J (kJ/m
2
) 
  JIC = 294 Jtest = Jmax = 643 
Level 2A 
PFAD (kN) 1554 1831 
PFAD/Put 0.83 0.98 
Level 2B 
PFAD (kN) 1670 1932 
PFAD/Put 0.90 1.04 
Level 2 difference% 7.5 5.5 
Level 3C 
PFAD (kN) 1520 1751 
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7.3.6 Discussions and conclusions 
The analysis results for the PJP+ joints and the high strength thick-walled joint XN1 
demonstrate that the level 3C failure assessment curve, when applied to X-joints under in-
plane bending,  is the most conservative as compared with level 2A and 2B curves, and 
the level 2B is the least conservative. This observation of the level 3C curve for X-joints 
under in-plane bending is against normal perception of the level 3C failure assessment 
curve. The level 2A assessment curve is a universal curve fitted to the lower bound of 
experimental data base for necessary conservatism. The application of level 2A only 
requires the knowledge of the loading condition, crack configuration, yield stress and 
ultimate stress, and Young’s modulus of the material. The level 2B curve is obtained 
when an accurate stress-strain curve is available and encloses a larger acceptance area to 
unlock some conservatism built in the level 2A curve. The level 3C curve necessitates the 
computation of elastic-plastic crack driving force specific to a location along a crack-front. 
As more information regarding the structure is available, the level 3C should further 
unlock conservatism relative to the level 2A failure assessment curve. However, the 
evidences in this chapter point out consistently that the level 3C is the most conservative 
curve for the particular joint configuration investigated here. 
The level 3C method does not make assumption of the shape of the crack and 
stress distributions, and take into account of non-linearity in material and geometry by 
elastic-plastic analysis. The level 3C failure assessment curve often yields better 
reflection on the severity of the crack under elastic-plastic crack driving force. The failure 
assessments for joint J1-1F and J1-XF are cases where level 2A and 2B curves produce 
un-conservative results while level 3C gives safe failure loads. Table ‎7.11 presents the 
failure assessment results with J = Jmax for the three joints failed in fracture.  
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On the other hand, the generation of level 3C failure assessment curves requires 
detailed FE simulations, which necessitates time, background in structures and fracture 
mechanics, command of FE and computer skills. Level 3C would be of interest 
academically, but it might not be a favourable choice for practice in the industry. The 
high cost associated with generation of level 3C failure assessment curve would put level 
3C as the last choice. More impotently, failure assessment applies to structures that are in 
service in the field. In contrast to design phase which embraces reasonable conservatism 
for various reasons, when a structure is already in service the target is to demonstrate that 
the structure is fit-for-service despite the existence of cracks and flaws or extension of life 
beyond the original design. The incentive for level 3C assessment diminishes when it is 
bound to introduce conservatism for X-joints under in-plane bending relative to the level 
2A and 2B curves which are also less expensive.  
Table ‎7.11: Comparison of failure assessment results for fractured X-joints by level 2A, 2B, and 3C 
curves with J = Jmax. 
Joint J1-1F J1-XF XN1 
PFAD, level 2A/Put 1.02 1.06 0.98 
PFAD, level 2B/Put 1.09 1.15 1.04 
PFAD, level 3C/Put 0.86 0.91 0.94 
 
 The discussion now focuses on level 2 failure assessment curves for predicting the 
residual strength of cracked X-joints under in-plane bending. Table ‎7.12 summarizes the 
level 2 failure assessment results for the four joints listed below. The FAD-predicted 
residual strengths are normalized against the actual residual strength measured in tests. 
The level 2B assessment curve could give un-conservative estimations of residual 
strength even at a very conservative adoption of fracture toughness (JIC). The level 2A 
assessment curve yields safe estimations of residual strengths at JIC. In common practical 
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situations when the assessment with JIC and level 2A curve just fails to demonstrate that 
the structure is still fit-for-service, the assessment does not stop but proceed with failure 
assessment with level 2B and higher measured fracture toughness till the validity limit 
Jmax. Failure assessments with Jmax for cracked tubular joints under in-plane bending, 
however, could lead to potential over-prediction in the residual strengths. The level 2B 
failure assessments with Jmax produce over-predictions for all three fractured joints 
considered, and the level 2A assessments over-predict the failure load of both normal 
strength steel X-joints (J1-1F and J1-XF).  
The level 2A assessment with Jmax yields failure load prediction very close to the 
actual residual strength of the high strength steel X-joint XN1. For two otherwise 
identical joints, in order for the high strength steel joint to fail at the same FAD failure 
locus as the normal strength joint, the fracture toughness ( matJ  or matK ) for the high 
strength steel needs to increase proportionally to the difference in yield stress, which is 
often not the case. In fact, the fracture toughness for high strength steel may be lower than 
a normal strength steel. Given everything else the same, a cracked high strength steel joint 
would be associated with higher absolute failure load, but lower normalized failure load 
(Lr) than a cracked normal strength steel joint. 
Table ‎7.12: Summary of level 2 failure assessment results. 
Joint Failure mode 
PFAD/Put at JIC PFAD/Put at Jmax 
Level 2A Level 2B Level 2A Level 2B 
J1-1F Brace fracture 0.89 0.97 1.02 1.09 
J1-XF 
Chord lamellar splitting 
(fracture) 
0.95 1.01 1.06 1.15 
J1-2F Brace local buckling 0.94 1.00 1.00 1.00 
XN1 Chord fracture 0.83 0.90 0.98 1.04 
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 In the latest version of ASTM E1820 [32], the validity limit of fracture toughness 
Jmax is doubled as compared to the validity limit in E1820 (2001) [2] adopted in the 
present thesis, which could pose a significant impact on failure assessment. Figure 7.34 
illustrates the potential influence on Jmax. The valid data points as capped by the J limt 
and ∆a max could increase by a large number. The Jmax value, as determined by the 
validity limits or the maximum test data Jtest, could also increase substantially. In the case 
of PJP+ joints and the high strength steel joint XN1, the Jmax will increase to the 
maximum test data, Jmax = Jtest, due to constraint in the measurement range of the CMOD 
gauge. Table 7.13 presents the increased failure load by FAD prediction with the 
increased J validity limit. Joint XN1 failure assessment experiences no change, because 
by the 2001 E1820 definition the J validity limit is already larger than Jtest. The over-
prediction for level 2A assessment has increased to about 10% for the other two fractured 
joints. 
To absorb the un-conservatism in predicting the residual strength of cracked X-
joints under in-plane bending, the research proposes a reduction factor of 10% to the level 
2A FAD failure loads. This reduction factor is not a form of safety factor. The safety 
factors, if were to be applied, should be differentiated and applied separately with this 
reduction factor. Alternatively, the failure assessment can adopt JIC as the fracture 
toughness for safe failure assessment of crack X-joints under in-plane bending. The 
adoption of JIC as the fracture toughness is considered to result in failure loads slightly 
lower than those with Jmax (Table ‎7.14).  The level 2B assessment curve tends to produce 
higher un-conservatism than level 2A and is not recommended for assessing residual 
strength of cracked X-joints under in-plane bending.  




Figure 7.34: Potential influence of the new fracture toughness limit in E1820 [32]. 
Figure ‎7.34: Potential influence of the new fracture toughness limit in E1820. 
Table ‎7.13: Level 2 failure assessment result with latest J limit in E1820.  
Table 7.13: Level 2 failure assessment result with new J limit in E1820 [32]. 
Joint Failure mode 
PFAD/Put at Jtest 
Level 2A Level 2B 
J1-1F Brace fracture 1.10 1.10 
J1-XF 
Chord lamellar splitting 
(fracture) 
1.09 1.15 
J1-2F Brace local buckling 1.00 1.00 
 
Table ‎7.14: Comparison of failure loads with JIC and reduced failure load with Jmax.  
Joints failed in fracture 
PFAD with Jmax and 10% 
reduction (kN) 
PFAD with JIC 
(kN) 
J1-1F 673 648 
J1-XF 823 814 
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This chapter devotes to the application of FAD concept in assessing the residual strength 
of tubular joints with cracks. The analyses cover one T-joint in brace tension and four X-
joints under in-plane bending. The sizes of the cracks vary from small to significant 
enough to cause fracture failure. The failure mode involves chord plastification, brace 
local buckling, fracture by though-thickness propagation of fatigue cracks, and lamellar 
splitting. The findings support the following conclusions: 
1. The constraint-modified FAD increases the acceptable area within the failure 
assessment curve, for shallow to medium-depth surface cracks near the saddle point 
of a T-joint. The additional elevation in the failure assessment curve, provided by the 
constraint modification, increases with a decreasing crack depth. This additional 
allowance in the FAD impacts significantly the failure of shallow cracks often 
observed in tubular joints. 
2. The definition of plastic collapse load has a strong influence on the failure locus and 
the area enclosed by the level 3C assessment curve. 
3. When the plastic collapse load is defined accurately for CHS X-joints under in-plane 
bending, the level 3C assessment curve is relatively more conservative than level 2A 
and 2B curve, and the level 2B curve is the least conservative.  
4. It is potentially un-conservative when level 2 FADs, especially level 2B, are applied 
to assess the residual strength of CHS X-joints under in-plane bending. 
5. The findings suggest that the level 3C failure assessment curve should be used for 
safe assessment of cracked CHS X-joints under in-plane bending. 
6. The research proposes a reduction factor of 10% to remove the potential un-
conservatism for failure assessment of CHS X-joints under in-plane bending using 
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the level 2A assessment curve and Jmax. The study also suggests that the use of the 
ductile initiation fracture toughness JIC will not be unduly conservative for assessing 
residual strength of CHS X-joints under in-plane bending. 
7. The research recommends level 3C failure assessment curve for safe assessment of 
CHS X-joints under in-plane bending. 
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Chapter 8 Conclusions and Future Work 
8.1 Introduction 
The research work presented in this thesis covers a combination of experimental 
investigations and FE simulations. The experimental work utilizes both small-scale 
specimens for obtaining mechanical properties, chemical compositions, and microscopic 
structures, and large-scale CHS X-joints containing fatigue cracks as observed in realistic 
offshore platforms. The FE program simulates X-joints containing 3D surface cracks and 
fracture specimens with increasing crack depths. The whole research project involves the 
following four main activities. 
The large-scale CHS X-joint residual strength tests introduce in-plane brace 
bending through compression in the chord member. The five residual strength tests cover 
four different failure modes: through-thickness fracture in the brace, lamellar splitting in 
the chord, local buckling of brace, and through-thickness fracture in the chord. The large-
scale tests contribute five additional data points to the existing experimental data base for 
the residual strengths of tubular joints containing cracks, which lacks results for CHS X-
joints under in-plane bending previously. The study performs tensile coupon tests and 
fracture toughness tests to investigate the material properties. 
The un-expected lamellar splitting failure in the chord promotes a series of 
experimental investigations to uncover the source of this failure through chemical 
composition tests, mechanical properties tests in both the rolling direction and the 
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through-thickness direction of the steel plate, and microscopic examinations of materials 
near the fracture locations. The finite element simulation confirms the source of problem. 
The fracture toughness tests inspire a study to improve the crack length 
expressions for the DC(T) specimens and the M(T) specimens. The FE study shows that 
the existing compliance relationships based on 2D analyses for two types of small-scale 
fracture specimens in the ASTM standards are not accurate at shallow crack depths. 
Parametric FE study simulating the crack advancement by progressive release of the 
boundary conditions for the elements on the crack plane is performed. The FE program 
covers various parameters that influence the unloading compliance. The proposed crack 
length expressions for the DC(T) and the M(T) specimens provide more accuracy in crack 
length predictions than those obtained from the existing crack length expressions. 
Integrating large-scale joint test results, tensile properties, and fracture toughness, 
the study applies the BS7910 FAD concept [1] for assessing the residual strength of the 
X-joints. The findings reveal that the normally conservative level 2A assessment tends to 
produce results that are not conservative for X-joints under in-plane bending. The 
research proposes a reduction factor to the failure loads obtained from the level 2 failure 
assessment curve for X-joints under in-plane bending. When computational resources are 
available, the research also recommends the level 3C curve which can be applied directly 
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8.2 Summary of main findings and conclusions 
The research work presented in this thesis covers fracture behaviour of X-joints under in-
plane bending, FAD assessment of the X-joints, material properties tests, lamellar 
splitting in tubular joints, and compliance equations for fracture specimens. The research 
work supports the following main findings and conclusions: 
 Both the brace material and the chord material for the PJP+ X-joints show good 
ductility in the rolling direction of the steel plate. The chord material for PJP+ X-
joints has high fracture resistance with the crack plane orientated perpendicular to 
the rolling plane of the steel plate. At 3 mm load-line displacement for the 
standard C(T) specimen, the crack is still stable at the crack blunting stage. 
 The residual strength tests fill up the void of large-scale X-joints contained cracks 
under in-plane bending in the existing experimental database for residual strength 
of cracked tubular joints. The distribution of the five data points is close to the 
linear crack area correction line. With plastic collapse as the dominant failure 
mode, the data points lie slightly above the linear correction line. For the three 
cases of fracture failure, the data points fall below the linear correction line. 
 The five joints involve four different failure modes. For J1-1F, the failure mode is 
through-thickness fracture of the brace. The failure mode for J1-XF and J2-1GF is 
lamellar splitting with cracks propagating parallel to the chord material. J1-2F 
fails by in-elastic buckling of the braces, while the high strength joint XN1 
experiences through-thickness fracture in the chord. 
 The material requirements in existing engineering guidelines based on the 
elongation, the reduction of area and the CTOD fracture toughness are insufficient 
to prohibit the brittle lamellar splitting observed in the current experimental study. 
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The macroscopic mechanical properties of the chord steel, in both the rolling 
direction and in the through-thickness direction, exceeds the quantitative material 
requirements prescribed in the codes of practice.  
 Microscopic scanning reveals a high concentration of elongated inclusions at the 
mid-thickness of the chord wall, which initiate delamination cracks. Coupled with 
elevated stresses near the tip of the fatigue crack, the delamination cracks lead to a 
brittle splitting failure at the mid-thickness parallel to the material surface. The 
cold rolling process in fabricating the large-diameter thick chord member likely 
causes segregations at these elongated inclusions.  
 Indicators for the possible lamellar splitting from fundamental material 
characterization tests include the longitudinal splits observed in the tension 
specimens, which are tested to examine the mechanical properties of the steel 
material in the rolling direction. Severe splits on the pulled-out surface of the 
fracture specimen, used in testing the material fracture toughness, provide another 
useful indicator of the possible lamellar splitting failure. Microscopic examination 
of the material grain structures becomes necessary to confirm the potential cause 
for lamellar splitting. 
 Lamellar splitting reduces significantly the ductility of tubular joints, without 
pronounced decreases in the ultimate resistance of the connection. For design 
considerations, structural redundancy becomes necessary for the splitting 
susceptible materials to mitigate the adverse effects if lamellar splitting does occur 
in one or a few highly constraint joints. 
 The constraint-modified FAD increases the acceptable area within the failure 
assessment curve, for shallow to medium-depth surface cracks near the saddle 
point of a T-joint. The additional elevation in the failure assessment curve, 
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provided by the constraint modification, increases with a decreasing crack depth. 
This additional allowance in the FAD impacts significantly the failure of shallow 
cracks often observed in tubular joints. 
 The definition of plastic collapse load has a strong influence on the failure locus 
and the area enclosed by the level 3C assessment curve. 
 When the plastic collapse load is defined accurately for X-joints under in-plane 
bending, the level 3C assessment curve is relatively more conservative than level 
2A and 2B curve, and the level 2B curve is the least conservative.  
 It is potentially un-conservative when level 2 FADs, especially level 2B, are 
applied to assess the residual strength of X-joints under in-plane bending.  
 The findings suggest that the level 3C failure assessment curve should be used for 
assessing the failure loads for cracked X-joints under in-plane bending. 
 The research proposes a reduction factor of 10% to remove the potential un-
conservatism for failure assessment of X-joints under in-plane bending and large-
scale yielding using the level 2A assessment curve and Jmax. The study also 
suggests that the use of the ductile initiation fracture toughness JIC will not be 
unduly conservative for assessing residual strength of X-joints under in-plane 
bending. 
 The uniform stress and the uniform displacement loading conditions for the M(T) 
specimen are equivalent. The difference in the experimental results for the ASTM 
E647 [4] compliance expression derivation is a result of different specimen length 
instead of the difference in the above loading conditions. The FE study shows that 
the specimen length, L/W, should be maintained at 1.5W for the uniform 
displacement loading.  
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 The gauge length unifying parameter in the ASTM E647 crack length equation for 
the M(T) specimen provides approximate crack length predictions of good 
accuracy. The FE results show that the ASTM E647 equation is less accurate at 
shallow crack depths. The difference in the crack length prediction over different 
gauge length can be up to 8% at a/W = 0.2 with h/W = 0. 
 The study demonstrates that the initial notch size has a large influence on the 
compliances at near-notch crack lengths and proposes a standard notch geometry 
for the M(T) specimen. The proposed polynomial expression for the standard 
notch geometry provides crack length predictions of improved accuracy as 
compared with that from ASTM E647 equation. 
 Improved crack length expressions have also been proposed for compliance 
measured at the crack mouth compliance and the load-line of the DC(T) specimen.  
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8.3 Proposed future work 
8.3.1 Residual strength of fatigue cracked concrete-filled tubular joint 
Grouting in tubular structures refers to the injection of a cemetitious material into the 
annular space in or between the tubular members. The grouting of the chord member has 
been recognized as a cost-effective and mechanically efficient method for the 
strengthening, modification, or repair of tubular joints. Various causes lead to the 
requirement for repair and strengthening of tubular structures. Many old tubular structures 
or structures in harsh environments have required fatigue damage to be repaired, or have 
the need to be strengthened to prevent anticipated damage. Strengthening can be found to 
be necessary to upgrade the structural performance to meet new requirements. A major 
joint industry project commenced in the early 1990s to develop a design guide for 
grouting of tubular joints [201]. The project involves ultimate load tests of large-scale as-
welded and grouted tubular joints without cracks. In many situations, tubular joints that 
require strengthening or repair by grouting would have already accumulated cracks. Study 
of the ultimate strength of intact grouted joints provides basis for design and assessing of 
grouted joints, but does not cover a very important aspect of grouted tubular joints: they 
usually contain fatigue cracks. 
 Section ‎5.2.6 presents a residual strength test of large-scale grouted joint (J2-1GF) 
with large fatigue developed cracks in the chord member. As part of the PJP+ joint 
industry project, another joint of the same geometry and grout as J2-1GF is still under 
fatigue tests. Analysing the residual strength and behaviour of these joints under ultimate 
load condition would contribute to the understanding of practical grouted joints. 
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8.3.2 Fatigue induced lamellar splitting 
Lamellar tearing is a classical welding failure before the 1970s. Low though-thickness 
ductility causes lamellar tearing to occur under localized weld metal shrinkage at highly 
constrained joints. Advancements in steel manufacturing reduce significantly the cases of 
lamellar tearing after the 1970s, but rare occurrence of lamellar tearing can still be 
catastrophic like the collapse of the Alexander L. Kielland platform. Lamellar splitting 
also runs parallel to the rolling direction of the plate but does not occur during the cooling 
of the welds. The manufacturing process for TMCP steels may produce fine layered 
ferrite and pearlite/banding, concentrated and elongated inclusions at the middle thickness. 
The cold rolling process from steel plate to tubular member shears the layered structures 
against each other causing potential segregation of inclusions at the grain level. The 
fatigue actions by in-plane bending induce through-thickness strain and may cause the 
micro-cracks to form and coalesce. Lamellar splitting initiates at these delamination 
cracks along the mid-thickness of the chord wall under large loads. Lamellar splitting is 
detrimental to the ductility of the joint. Once it occurs, there is very little load resistance 
left. Fatigue induced formation of micro-cracks/delaminations that are parallel to the 
rolling direction of the plate worth an experimental investigation. The understanding of 
the condition, mechanism, and rate of such flaws could help reduce the risk of lamellar 
splitting. 
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